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MWHANIXAL PROPERTIES OF FIVE LMUMTED PIAEWICS

By William N. Findley and Will J. Worley

Results of mechanical tests of the follo& laminated plastics me
reported: canvas laminate molded at low pressure, grade4 canvas lami-
nate, rayon laminate, paper laminate, and glas~fabric laminate. The
following tests were perfomned on these materials: static tension, COILI-
pression, and torsion tests; long-thin creep tests at different stresses
on specimens loaded in tension; fatigue tests of unnotched specimens in
bending; fatigue tests of notched specimens in bending; fatigue tests in
bending at temperatures of -750, 77°, and 16OO F; and fatigue tests in
torsion.

Of the five laminates studied, the glas-fabric laminate had the
most desirable mechanical properties for nearly all the properties meas-
ured. The properties of the paper laminate were next in order of desira–
‘bility. It was observed that the creep rate of the glas+fabric laminate
increased only slightly (compared with the other laminates) with increase
in stress and that temperature made much less difference in the fatigue
strength of the glass-fabric laminate than’of the other leminates. The
mechanical properties of the canvas laminate molded at a presmre of
180 psi were about 30 percent lower than those for the canvas laminate
molded at 1800 psi for most of the ~operties tested. The most pronounced
effect of the lower molding pressure was a decrease of 61 percent for the
fatigue strength in torsion.

INTRODUCTION

The program of tests reported herein is a part of a coordinated
research program initiated to investigate the-mechanical properties of
a grorq of plastic laminates which were of interest in aircraft construc-
tion. Almowledge of the mechanical properties of the laminates described
in this report was needed for selection of the proper material for given
applications and for design of parts to be made of such materials, so
that they would be capable of withstanding the projected service conditions.

Anumiber of reports end papers which describe the mechanical prop-
erties of different plastics have recently become available. Abibliog-
raphy of some of these papers is giveq at the end of this report.
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m OF TESTS

The folbwing tests were perfolmed on the five laminated plastics
under conditions of constant temperature and constant relative humidity:
short+time ‘rstatic1]tests in tension, compression, and torsion (with the
exception of the low-pressur~lded canvas laminate for which no torsion
tests were performed) to determine the ultimate strength, yield strength,
and modulus of elasticity under the three conditions of loading; Rockwelll
herdness tests; tension creep tests at several different values of stress;
rotating-cantileve~ eam fatigue tests of both notched and unnotched
specimens; and fatigue tests in torsion at constant amplitude of deflec-
tion under completely reversed stress cycles. = addition, rotating- “
cantileve+beam fatigue tests of unnotched specimens of all five materials
were performed at temperatures of approximately 1600 F and –75° F. These
tests were performed in the seinetype of machine and at about the same
testing speed used h the rotating~eem fatigue tests conducted at 7’7°F.

w
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lwmRIAL AND SPErmmm

Material

●
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The five laminated plastics tested in thiq program were: a canvas
laminate molded under the relatively low pres&ure of 18o psi with a phenol-
formaldehyde resin; a grad~ canvas UmrLpate of construction similar to
the other canvas laminate hut molded at a high pressure -of18OO psi with

d

a resin formed from formaldehyde and a mixtme of meta- end para-cresol;
a rayon laminate of the saponified acetate ty_pemolded at a pressure of
ILOO psi with a phenolic resin; a Mitscherlic&paper laminate molded at a .,
low pressure of 250 psi tith a phenolic resin; and a glas+fabric laminate
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molded at the low pressure of 40 psi tith an unsaturated polyester resin.
The preparation and the compositionof the laminates tested are described
in table I. The laminators and sources of resin and reinforcing material
are also imtlcated in table I.

At this point it maybe well to note that visual inspection of the
glasefabric laminate as received indicated that there were certafn defects
which may have affected the test resulte. There were two important
defects: (1) the glass fabric had been pulled and distorted during the
ladnating process to such an extent that the thread directions were at
some potits as much as 30° out of line with the general direction of the
fabric and (2) the layers in the laminate were not well bonded in some
portions of the sheet. h preparing specimens from this laminate, care
was taken to avoid such defects as far as possible.

Dimensions of static tension, compression, and torsion ~ecw~, as
well as the creep specimens used for these tests are shown in figure 1,
and the three types of fatigue test specimen used in this investigation
are shown in figure 2. All specimens were cut from the sheet with their
longitudinal axes parallel to one another. Four of the five laminates
were cros+laminated. For these four laminates the direction of the
longiinulind sxes of spechens was chosen arbitrarily. The glas+fabric
laminate, however, was parallel-laminated and the longitudinal sxes of
8pecimens fron this laminate were made parallel to the direction of
greatest strength in the sheet, as determined by prelhdnary tension tests.

The tension specimens were macMned on a shaper to the dimensions
shown. In the case of two of the materials, namely, the gradd canvas
lsmimte snd the paper laminate, a few of the tension specimens were
alteredby filing the gsge sections so as to produce a gradual taper’

1 inch width at each end of the gage section to a O.01-inch under-fromaz–
size at the middle. This reduction was necessary in order to cause
fracture to occur tithin the gage section of the specimen in these two
cases. Straight spectiens failed at the shoulder as a result of stress
concentration at the fillet.

The compression specimens were turned on a lathe to the two lengths
shown in figure 1. The &inch specimen was used to obtain sti”es~train
relatiotitips, and the l–inch specimen was used to obtahi ultimate strength
values only. The torsion specimens were also machined by turning on a
lathe.

The creep specimens were cut from the original sheet with a milling
cutter in such a msnner that the flat side of the specimen was perpen-
Mcular to the plane of the sheet. The reduced section and radii at the
end were formed on a shaper. All the spec~ns shown in figure 1 were

finished%y sanding @th No. O emery cloth.

. . . . .... . .___ ..,_ . .. . . .- —. —— .. . .. —.— — ._ . .._. - ..
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of the fatigue specimens used in this investigation
2. All fatigue specimens were cut.from the laminated
that the long axis of -thespecimen was psrallel to

$

the corresponding &is of the s~tic spec-s. - The test sections were ,
prepared by turning on a lathe, and the 2-inch radius used on specimens
of the types shown in figures 2(a) and 2(c) was produced by swinging the
compound of the lathe by means of a tangent screw so thqt the lathe tool
traveled in a 2-inch arc. All fatigue specimens were finished by sanding .
with No. 000 emery paper.” The finsl strokes in the sanding operation
were made by hand and were longitudinal with the speciments axis.

Some clifficulty was arperienced m machfin -all the laminates
because of the tendency to chip the lsminate, especially in lathe work.
The tendency to chip and also the tendency to overheat was minimized by
using tools of high-speed steel, the cutting edges of which were main-
tained sharp ly frequent honing. EL@-speed-steel tools were used on all
leminates, except the glass-fabric laminate. The abrasive nature of the
latter material, however, made it necessary to employ tool bits and
milling cutters having tips made of tungsten car%ide.

Preconditionhg of Specimens ‘

All spec-s were allowed to remain in the air-conditioned labora- !9
tory for at least 2 weeks after machining before the tests were started.
All teqts except the fatigue tests at high and low temperatures were
csrried out in a laboratory which was maintained at.q constant tempera-
ture of 7’7°k 1° F snd a relative humidity of SO ~ 2 percent continuous

!’

throughout the duration of the tests. This procedme was necessary
because of the sensitivity of some of the laminates to smell changes in
temperature and relative humidi~.

APPlxRATusm TEsr!EROCEDURE

Static Tension Tests

Short-time tension tests were performed on specimens shown in
figure l(a). These specimens were tested in tension on a 10,00&pound,
three-screw machine. This was a leam+m ighlng machine equip~d with a se-
rate variabl-speed drive. The specimens were held in Templin wedge grips A
and the strain in the specimen was measured by means of an extensometer B
of &inch gage len@h. (See fig. 3.) This instrument provided a multi-
plication such that one division on the dial indicated 0.0001 inch per
inch of strain in the specimsn. ~ order to make it unnecessary for the
specimen to support the weight of the etiensometer.and in order to prevent u
damage to the instrument if the specimen should fracture while the extem-
someter was attached, the extensomsterwas suspended by means of the light
coil spring C shown in figure 3. c

#
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Two sets of tension tests were run when necessary – one set in which
the strem+strain characteristicswere determined and the other set in
which only the tensile strength was obtained. @ the former group the
‘gsge’section of the spechen tis straight, end readings of load, defo~
mation, and time were read simultaneously at frequent intervals throu@-
out the test. h the latter only the load at fracture was recorded. For
this latter Turpose specimens with the tidth reduced at the middle were
used.

A preliminary test was made for each laminate to determine the rate
of testing speed required to produce a rate of tensile strain of shout
0.0016 inch per inch per minute. All succeeding tests were run at or
neer this rate of strain. TMs rate was selected in order to permit
correlation between the results of these tests and tests performed on
other materials (references 1, 2, and 3). This rate of s$rain corresponds
roughly to the rate of strti produced by testing machines operated at
a head speed of O.0~ inch per mimzte. However, it ~ouldbe noted that
different machines and even different materials tested in the same machine
at the same rate of cross-head motion will not in general produce the
same rate of strdin in the s-pecimen. TMs is due to different relative
stiffnesses of the machine, the spectin, and the auxiliary gripping
apparatus. During the test, reaUngs of load, defomnation, and time were
recorded up to a point within a few percent of the load at which failme
was expected. ‘Theextensometer was remmedbefore failure.

.

From these data the stress an~ strain were computed.. Then diagram
of stress against strain ~a time against strain were plotted. The
modulus of elasticity was determined in each case from the slope of the
initial part of the stres~ain curve. The yield strengths at 0.0>
and 0.2-percent offset were deterdned by employing lines parallel to
the initial part of the stres=train curve and offset O.@ and 0.2 per-
cent. The rate of strain was deterndned from a t~tmxin curve by
measuring the reciprocal of the slope of this curve in the region just
below the value of strati above which the stress was no longer propo~
tional to strain. The terms “yield strength” and “rate of strain” are
defined in an appendix to this report.

Static Coqression Tests

Compression spechens were tested in the same machine as the tension
spec~ns and under the same temperature and humidi~ conditions. k
order to midmize the effect of possible eccentric loading. the smec~ns
were tededby using a compression tool A (fig. 4). .A c@ressc&ter
of >to-1 lever ratio having a O.001-inch dial and a l-inch gage length
was used to detemine the strati. As in the case of the tension tests,
the instrumentwas supported on a light coil spring.

Two different shapes of specimen were required, one to determine
stress-strain relations (fig. l(b)) and another to determine the c-

pressive strengths (fig. l(c)). The 2-inch Erpec@n
(:= + ‘here

B
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~ is the ratio of the length of the specimen to the radius of gyration ofr
the cross section of the specimen, was used with the compressometer hming L
a l—inch gage length to detemine the sbes~train relation6. The l-inch
specimen (+ = 8) was used in detemnlning the compressive strength of the
material to elimhate as far as yossible the tendency for specimens to
luckle. The rat6 of strain for the tests of l–incl+length specimens was
mibstantially the ssme as the rate of strain in the 2-tich specimens.
This was accomplished by edjusting the speed of the testing machine so
that the rate of increase in load during a test was substantially the
same as the rate of increase in load o%served in the tests of the 2-inch
specimens, for which the strain rates were -OWL

During the compression tests of the 2-inch specMens, readings of
load, deformation, S@ time were recorded. ??romthese data the stress
and stratn were computed, and stres+strain and &be-strain curves were
plotted. The modulus of elasticity, yleliistiengths at 0.0> ~a
O.2-percent offset, snd the rate of strain were detemnined from these
curves in the same manner as t-hatdescribed for the tension tests.

Static Torsion Tests

The special torsion testing machine used for these tests is shown
in figure 5. The machine was constructed as an attachment for a low IJ

capacity tension testing maclrlne. The pendulum weighing system of the
tension testing machine was used as the torque measuring device for the
torsion machine. TMs was accomplished by attaching to the tension f
machine a +azMdng head A (fig. 5) driven by a double worm+rive.
A special chuck B was attached to the shaft of this twisting head and “
snother chuck C to the axis of the ~endulum D. These chucks were
designed to apply a torque to the specimen with little danger of bending
the specimen ‘atthe same time. TMS was accomplished ly mounting the
~specimen on centers and applying the torque as a couple by mesns of
adjustable screws.

TIIegsge used for measming the shearing stiain is shown in figure 6.
The instrument consisted of two rings A (fig. 6) w~ch were sliyped
uver the specimen ad fastened to it IIYWee pointed screws in each ring.
A gage length of 2 fiches was oltained ly use of a remmalle spacer B.
To one of the rings was fastened a circulsr scale C for measur~ large
singlesof twist. Two lo-inch arms D, fastmed to the same ring, carried.
scales on the ends wMch were used to meamme small angles of twist.
Adjustable ~ointers E were attached to the other ring in such a way as
to indicate the reaUngs on their respective scales.

The torsion tests were perfoimed on specimens (fig. 1(d)) under
con&Ltions as nearly comparable with the tension and compression tests
as possille. Ih order to accomplish this, the rate of tensile strain
was kept the same as nearly as possible in all @ee types of test. For
torsion tests the required Shearm rate of strain was computed from the

#

v
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,
tensile rate of strainby the relation ~ . E* ~ l~here ~ is the

idc IS the t~s~ e r~ted~~ strafn, ~d ~ is theshearing rate of strain, ~

ratio of tensile modulus of elasticity to shearing modulus. Thii3Gequation
was derived from the fact that the maximum tensile *ess in a circular
torsion member is equal to the msximum shearing stress. The equation,
however, is not exact OWQ to the .!xtLsotropiccharacter of the material.

The required rate of strain was determined from the value of G
obtained from a preliminary test. The resulting shearing rate of strain
required was ctifferentfor each material and was rather high owing to the
low vslue of G. “Thusit was possible to obtdn only relatively few test
points in the elastic range at this rate of testing.

During the torsicn tests simultaneous readings of torque, angle of
twist, and time were recorded. The equations of stress and strain for
torsion used herein are applicable only for isotropic materials sad c-
not %e expected to indicate accurately the stress or strain in laminated
materials, since their properties are not the same in all Mrections.
Neve@eless, the equations developed for isotropic materials were used
herein to give nodnal. values of sheering stress and str~ as a basis
for comparison. The nondnal shearing stress T at the surface of the
cylindrical.specimen and the nominal shearing strain 7 were coquted
from the equations 7 = ~~dy+ where T is the applied torque,

c is the radius of the circular section, J is the polar moment of inertia,
19 is the angle of twist, and ‘Z is the length of the test section of the
6pecimen.

,

Curves of shearing stress against shearing stmain and of time
against shearing strain were then plotted. The shearing moati~ of ela+
ticity G and rate of shearing stmxl.nwere determined as in the case of .
the tension tests.

The equipment

Hardness Tests

used for the hardness tests was a stand.srdRockwell
Imf33nesstest-hg machine equipped with a

t
-inoklkmeter bill.penetrator.

The testing procedwe Wed was that recommended in A.S.T.M. Method
D785-UT of reference 4, page 1651.

H&dness tests were perfomned on loth faces of each Mmdnated sheet.
Tests were also performed edgewise of the sheet, that is, with the
direction of loading parallel to the laminations. ~ the case of the
glass-fabric leminate, tests were performed edgewise of the sheet in two
directions, one in the direction of the weatest tensile strengbh of the
leminate and the other at right emgles to the direction of the greatest
tensile strength.

—- .—— —.. . .—
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Tension Creep Tests
L(

The equipment used for”conduct~ the creep tests consisted of
2 steel racks from which 38 specimens could be suspended, calibrated
weights and levers used for bating the specimens in tension, calibrated
extensom@ers, a traveling microscope‘formeasuring the strain indicated
by the etiensometer, and a clock equipped with a counter to rscord the
elapsed time in hours. Figure 7 shows a creep rack tith loading levers,
specimens, extensometers,and auxiliary eqtipent. l%lgure8 shm~s a
specimen tith stra~asuring equipmqnt in place. In this figure speoi-
men A was mib~ected.to an axisl tensile load through rod B. The speci-
men was held ly grips C which contained a hook+d-eye type of swivel
joint. This joint was protided in order to ndnimize the possibility of
eccentric loaddng.

The @ensometer used for measurm the creep consisted of a leve=
@pe instrument with a traveling microscope D (fig. 8) for measuring
the displacement_betweenreference marks on the end of the lever E and
a stationery arm F. The lever ratio was 10 to 1. One end of the lever
was forked and fastened by pivots to the lower clamp attached to the ‘
specimen. The axis of this pivot passed through the centroid of the cross
section of the qec~n (the pin itself Ucl not go through the specimen).
ThuE the strati nmasured by this inst~r$ was the average strati in the
spechen. The fulcrum of the lever was pivoted to a rod, the other end

●I

of which was fastened to the upper clamp on the specimen. A spring clip G
(fig. 8) was used to-attach this rod to the upper clamy so that the
extensometer could le left on the specimen, during fracture if necessary~
without damege to the instrument.

The dials on the traveling microscope and on each extxmometer were
celi%rated against a micrometer screw before use, so that rea&lngs were
accurate to M. 000001 inch pr inch and were reproducible tithln
-+0.000002”~h ~r ~h. Flat clamps instead of winted screws were
used to attach the extensmneter to the specimen %ecause creep of the ,
material might cause screws to sink into the speoimen, thti causing esrly
fracture. The distsnce letween the centers of the flat clamps was cop
sidered to be the gsge length of the erlmnsometer. As used in these tests,
this gage length was 10 fiches. A track was provided for the microscope
so that it could be moved from specimen to specimen qtickly.

Creep specimens for each laminate (fig. 1(e)) were tested simul~
eously under a constant tension load at values of *ess ranging from O
to 24,000 pSi. The values of stiess chosen were evenly spaced from zero
to a meximum value, which was chosen as follows. A pre~ creep test
was made on each material, ster%g at a load which would produce a stress
of a%out 60 Tercent of the tensile strength of the material. IY the speci-

W

men Ud. not fractme in 24 hours the load was increased shout 6 percaqt for
the next 24 hours. This process was repeated until qe specimen failed.
The maxhum stress to he used in the creep tests was then made equal to

,,

80 percent of the highest stress which the specimen sustained for at least
24 hours without fracturing. The reason for the foregoing procedure was to

——— .—. —— .—— ——-—. ..— ——. —.. —..-.-— _ —____
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select as high a meximum stress as possible without having a specimen
fracture within 1000 hours. However, the dghest stressed spectin did
fail in less than 1000 hours for four of the’five materiels tested.

All creep tests were conducted in the room maintained at a constant
temperature of 77° *l” F and a constant relative humidity of 50 *2 pep
cent for the entire time of the test, which was 17,000 hours or about
19 months for one of the laminates. One specimen of each laminate was
tested at a stress of zero in order to detemime the magnitude of the
shrinkage which might occur because of gradual changes in moisture content
or other aging phenomena. All tests for a given leminate were started
at approximately the same time, and alJ were started by applying loads
quicld. ybutvery gently to the specimens. Before appl@ng the load, the
initial extensometer readings were obtained with the traveling microscope.
Then the loads were applied, the timawas recorded, and the extensometer
was immediately read again. Readings of strain and time were theretiter
taken at the following intervals: 0.1, 0.2, 0.3, 0.5, 0.7, 1, 2, 3, 5,
7, 10, 20 hours; then every 24 hours to 500 hours; then everyk8 hours to
shout 1000 hours; then twice per week to 1500 hours; and then once a
week

beam

for the remainder of the test.

Fatigue Tests

Rotating+antilevetieam fatigue tests. - The rotating+antileve~
fatigue tests were performe&on machines such as shown in figure 9.

These machines consisted of amoto~iven spindle B, to which tie sp>cb
men A was attached coaxially by means of a split col.let. A shaft erte~
sion C was fastened to the outer end of the specimen by means of a split
collet machined integrally with the shaft. The entire assenibly(spindle,
specimen$ and extension shaft) was rotatedby a motor driving through a
VAelt.

The specimen was bent downwardby a load applied to the end of the
extension shaft C. This load was produced by-a beam–and-poise
mschanism D. The stress u at the minimum section of the spec- was

=*, tiwhich the bending‘computedfrom the equation u moment M was

obtained from the load applied by the poise, with mxttable correction for
the moment producedby the extension shaft.

~ order to detemine the nuniberof cycles to cause failure, a
counter E was attached to record the nuniberof cycles, and an electric
contact at F was used to stop the machine when a crack had started in
the specimen. (The microewitch shown was not used.) The electric co-
tact was adjusted to shut off the machine when the fatigue crack had
become severe enough to”cause the deflection of the specimen to increase
0.1 inch at the poi,ntof loading, which was 5 inches from the center of
the specimen.

Specimens were tested at various amplitudes of alternating stress,
and the nurtiberof cycles to failure was detemnined. These data were

plotted with the amplitude of the alternating stress as ordinate and

.- —. —._— ~ --—.——--— —— _—-—.
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the rnmiberof cycles
plotting was used.
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for fatigue failure as abscissa, and semilogerithmic
,

.

Rotatin/?-cantileverAeam fatigue tests at Ufferent temperatures. -
I?orfatigue tests conducted at temperatures above and below the tempera–
ture arailalle in the air-conditioned testing room, an insulated box was
constmcted to house one of the rotating-cantileve=eam fatigue testing
maclrlnes. The equipment used is shown in figure 10. The loading lever
and poise A, an electric ‘contactat B, motor C, and counter D, were
mounted outside the insulated cabinet. (The microswitch shown was not
used.) For the Id@temperature tests the box was heated by electiic
strip heatetis,which were controlledby a thermostat adjustable from the
outside of the cabinet. The air temperature in the cabinet and the
temperatures.of the specimens were measured by means of a thermocouple
and potentiometer E. The temperatures of the spechen’s were oltained
by mesns of a thermocouple mounted on a lever which was moveable from the
outside of the ca%inet and so positioned as to cause the thermocouple to
touch the central portion of the spechen when the lever was deflected.
Temperature readings were takenby stopping the machine, applying the
thermocouple to the surface of the specimen immediately, and recording
the inticated temperature. The temperatures thus obtained were somewhat
below the actual operat~ temperatures of the specimens because the
specimen began to cool as soon as the machine was stopped.

When tests were to be run at temperatures below the test~–rocm
temperature, a separate insulated ca%inet F was used to house dry ice
for use as a cooling medium. Air was circulated through the dry ice and
the test cabinet and back again to maintain the desired temperature.
Thermostatic control was protided to manipulate the damper which COP
trolled the flow of air through the dry ice. With this equipment it was
found possible to conduct continuous fatigue tests over periods of
several days, since the equipment required servicing only every 8 to
12 hours. Zn order to prevent ice from fouling the loading rod, which
projected through the cabinet, a kerosene seal was used to prevent escape
of cold air around the loading rQd.

Torsim fatime tests. - One of the machines erranged for torsion
fatime tests at constant amplitude of deflection is shown in figure 11.
For ~orsion fatigue tests, ~ armAwas attached to ths machine so as to
support the fixed end of the torsion specimen B emd the dynamometer C
with its dial D. The specimen B was fastened at an angle to the torque
arm E, which was attached to th9 connecting rod F through a universal
joint. The angle between the axis of the specimen and the torque arm
was so chosen th+ the static bending moment at the minimum section of
the specimen was zero, ~d tie tiY si~fic~t stresses at the ~~
section were shearing stiesses due to torsion. There was, however, a
horizontal sheari~ stress, the magnitude of which was negligible
compared tith the stresses resulting from torsion. No account was teken
of possible dynamic effects except to place the wrist pin of connecting
rod F near the center of percussion of torque arm E.

— .——
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The testing procedure for fatigue tests in bending described in the
A. S. T. M. Method D671-4212(reference 4, p. 1638) was used for the tests,
reported in this section, with the modifications noted. The specimens
used for the torsion fatigue tests were turned to the dimensions shown
in figure 2(c). The amplitude of the alternating sheering stress was
computed from the equation T = ~ in which the torque T was obtained

from readings of the calibrated &meter C (fig. U). T%e number
of cycles to w~ch the specimen was subjected was indicated by a counter I.

The stress values to which each specimen was subjected at the
beginning of the test were calculated from the torque measured by means
of the dynamometer while the machine was at rest, and the nuniberof cycles
for fatigue failure was determined in the manner described in the appendix.
These data were then plotted as S-N diagrams, with the amplitude of the
alternating sheering stress as orUnate and the nmiber of cycles for
failure as abscissa. The rsnge of stress, that is, the relationship i
‘betweenthe maximum stress and the minimum stress in a stress cycle, was
adjusted by means of a-mechanism, one form of which, consisting of
screws H for-tilting the bracket to which the specimen and dynamometer
were ‘attached,is shown in figure U..

TEST RR3ULTS

Static Tension Tests

Sample stres~train curves end time-strain curves for tension tests
of the five laminates are shown in figures 12 to 16. From these curves
the following quantities,which are defined in the appendix, were measured:
modulus of elasticity, yield strength at 0.0> and 0.2-percent offset,
and rate of strain. The ultimate stren@h (see appentix) was computed
in each case from the load at which fractpre of the specimen occurred.
The values of these quantities obtained from each of the specimens tested
for all the five laminates me shown in table II, together with the

‘ aversge values of each of the quantities except the rate of strain. Ih
the case of the hig~trength paper laminate and the grad~ canvas
laminate, additional tests were run on especially prepared specimens in
order,to obtain the ultimate strength values. The technique used is
described in the section entitled “Static Tension Tests” under APPARATUS
AND msr PROCEDURN. The values obtained for these tests are alsd shown
in table Il. The grad= canvas laminate showed no significant difference
between the special test in which the failure was corifinedto the center
of the specimen and the first set of tests in which failure occurred at
the shoulder. However, in the case of the paper laminate the ultimate
strength obtained from spectiens,,the failure of which was confined to
the center section, was about 15 percent higher than the ulttmate strength
obtained from the spdcimens in which failure occurred at the shoulder of
the specimens.

.. . . .. __ ...— — -———— —— — .—.—.
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1. Static Compression Tests

Representative stres+strain cmves and time-strain c~es for static
compression tests of the five laminated materials are shown in figures 17
to 21 for specimens 2 inches long. l?rom”these curves the follo+nl.ngq~
tities were measured: the moati~ of elasticity in compression, yield
stiength at 0.05- and O.Z?-percentoffset, and the rate of strain. The
ultimate strength was calculated from the maximum load sustained by these
Z&inch specimsps. The values obtained for these quantities are shown
together tith the ultzlmatestrength obtained horn tests of specimens
1 inch long in table ~ for compression tests of aU five ,laminates.

The ultimate strength observed from tests of the l–inch spectiene
in every case differed less than 5 percent from the ultimate strength
oltained from the 2-inch specimens. ~ all cases except one, the .
average ulthate strength obtatned from the l—inch specimens was higher
thea the average ulthate strength obtained from the *inch specimens.
However, in the case of the canvas laminate molded at low pressure, the
averaae ultibnates+mmrth obtained from the l–~ch aec~ns ~S about
1 per;ent less than th; average ultimate

. 2-inch specimen.

Static Torsion

Representative simes~train curves

strength obtained from the

Tests .

and time+ tiain curves for,
torsion-tests of rayon laminate, paper laminate, and glas+f abric laminate ,,

are shown in figures 22 to 24.
.

IYom these curves @e foil- q~ti-
ties were mea6ured: shearing modulus of elasticity, yield strength at
0.’05-and O.2-@rcmt offset, and rate of strti. The mod.tiw of rupture
in torsion was calculated from the maxtmum torque which the specimens sus-
tained before fractme. The values of these quantities obtained for the
three different leminates are shown m t-ableIV. h the case of @ee
out of the five specimens of paper laminate for w~ch test results are
reported in table IV, the specimens fractured before O.&percent offset
was reached.

RockweU Hardness Tests
e

The Roc&elJ- hardness values obtained from tests of the five laminates
are shown in table V together with the average of each set of tests. The
hardness values ranged from M89 to Ml19 for tests perpendicular to the
laminations e@ from M82 to M121 for tests parallel to the laminations.

.

Tension Creep Tests

The creep (in percent) obtained from the specimens under several
different mlues of tension stress was plotted against
in hours for each of the five materials tested. These

the elapsed time
data are shown

..— — -.-—
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,

plotted for the first 1,000 hours in figures 25 to 29, and the data from
the sam tests, but for longer time intervals, are EMWQ plotted in
figures 30 to 340 The time intervals coveredby the latter curves vary
from 3,000 to 17,000 hours. The scales used in all the plots for
1000 hours are the same, so that direct comparieonhetween the materials
can be made by inspection. In the case of the creep curves showing data
for longer thne intervals, however, the scales chosen were those which
would best present the data.

It was observed that the rate of creep was rapid at the teginning
of the test and decreased as time pro~essed. The lowest cwve plotted
in each case was taken from the data obtained with a specimen wldch
carried no load, that is, zero stress. lh all cases except the @as+
fabric laminate the specimen carr@g no load was observed to shrink
slightly during the first part of the test. In the case of the glas+
fabric laminate a slight increase in length was observed. These ~-
sional changes may possibly be the result of a continuous change in the
moisture content of the specimen. The effect of short interruptions of
humidi~ control is evident in all data shown. A decrease in relative
humidity was obsened to cause a decrease in strqin, the amount of which
was approximately the same for all specimens of a given leminate.

The “elastic” strain as determined for the creep test specimens in
this report was defined as the total strain measured in the specimen at
the time at which the load had been applied to the specimen for 20 seconds.
This strain was determined,by plotting the readings obtained during the
first hour of tests on logarithmic paper and reading the strain corre-
sponding to a time of 20 seconds llmmthe straight line which resulted
from this plot. The values of 2&second elastic strain are shown in the
third column of table VI and in figure 35.

. The total.creep (including the elastic strain) was measured for U
specimens at 1000 hours and also at 3000 houm. These data were then
corrected for the change in length of the specimens having zero load by
mibtraoting the algelraic value of the change in length of this specimen.
The adjusted values are shown-in table VI.

The rate of creep tid not remain constant throughout the t- of
testhg but decreased rapidly at first and then more gradually. ~ order
to evaluate the effect of stress on the cliffemnt rates of creep,it was
therefore necessary to determine the rate of creep at some definite time.
The rate of creep was determined for a time of 1000 hours by measuring
the slope of the creep-time curve at 1000 hours for each of the specimens
tested. The rate of creep was determined by measuring the slope of the
curve represented by the test data between a time of 700 hourp and 1300
hours. The measurements were made on a plot having an e~ded creep
scale to increase the accuracy of the slope measurements. The rate of
creep thus obtained for each specimen is shown in table VZ end plotted
in figure 36.

The increase in
strain at 20 seconds

_——..—

strain at 1000 hours compared with the elastic
was computed for aU specimens. The values obtained

..—.. -——-—— ——. .——-— ——
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are shown in table
increase in strain

VI together with the average value of the percent
at 1,000 hours for each of the five l-aminates. The

percent ibcrease in strain from the elastic value of 20 seconds to the
value at 3,000 hours ik sJ.soshown in table VI together with the average
of these values for each laminate. The percent increase in strain from
1,000 hours to 3,000 hours is also shown in table VZj together with the
average of thes9 values for each of the lsminates.

Fatigue Tests

H diqgams were prepared from the results of all fatigue tests,ly
using semilogsrithmic coordinates. The &N diagrams for all fatigue
tests conducted in a room maintained at a temperature of 77°>1° F and
at a relative humidity of 50 * 2 percent are shown for each of the five
laminates in figures 37 to 41. Each of these figures shows three S-N
diagramE for one material. The diagrsms shown were obtained from rotating-
cantileveSbeam fatigue tests of notched spechmns and unnotched specimens
and from torsion fatigue tests of unnotched specimens. All the S-N
diagrams were carried heyond 10,000,000 cycles; some of them extend ’beyond
100,000,000 cycles. The fatigue strengths meammed from these S-N diagrams
at 10,000,000 cycles are shown in table VZI. The speeds of testing used
are also shown in table VZZ.

The S+? diagrams for rotating+antileve-ea fatiwe tests at t-
peratures of –75° F, 770 F, end1600 F are shown in figures 42 to 46 for
each of the five laminates. The tests at –75° F were carried as far as
10,000,000 cycles, whereas the tests at @ and 1600 F were carried to
neerly 100,000,000 cycles. It was observed that the temperature of the
spec~ns was always somewhat higher than the temperature of the sur-
rounding air, because of heat developed within the specimens as a
result of internal friction and because of heat developed in the
bearings of the fatigue machins. The temperature of a specimen which
ran for 10,000,000 cycles or more at temperatures of –75° F and 1600 F
was measured. These temperatures are inticated adjacent to the speci–
mens on which the temperature was measured in each of the five figures.
The fatigue strength at 10,000,000 cycles for tests at a testing speed
of approximately 6600 rpm and at the three different temperatures is
shown in table VII. The effect of temperature on the fatigue strength
at 10,000,000 cycles is shown h figures 47 and ~ for the five laminates.

Mode of Failure

Photowaphs of representative fractured specimens are shown in
figures 49 to 52. Figure 49 she-m fractured tension specimens of all
five lsminates. Figure 50 shows fractured compression specimens 2 inches
long and 1 inch long of all five laminates, together with a fractured
torsion specimen of the paper laminate. All the torsion specimens tested
showed longitudinal cracks, but most of the specfm@s were not twisted to
complete rupture so that fractures would not be tisible in a photograph.

v
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A fractured creep specimen is shown in figure 51 for each of the five
laminates tested. The specimm shown for the low-pres6ure+@ded canvas
leminzAe was the specimen used in the prelhinary creep test of this
material, since none of the specimens fractured in the final series of
creep tests of this laminate.

Representative fractures of fatigue specimens are shown in figure 52.
Uhnotched specimens-fracturedin rotating~ea mfatiguetests are shown
for each of the five laminates. However, most of the rotatir@beem
fatigue specimens did not fracture completely before the tests were
stopped. None of the fatigue spectins of the rayon laminate completely
fractured, but all the notched specimens of paper laminate fractured.
None of the torsion fatigue specimens fractured completely before tie
tests were stopped. In the paper laminate, longituUnal cracks were
observed in the torsion fatigue specimens. However, in the torsion
fatigue tests of the fabric l~tes, fatigue cracks were usually not
observed before fatigue failure (as defined in tMs report) took place.
This probably was the result of the fact that the fabric tended to obscure
such cracks as may have occurred.

ANALYSIS AltODISCUSSIONOFIZESULTS

Static Tension Tests

A summary of all the mechanical properties determined in this inves- .
tigation is presented in table VIIC for the five laminates. The tensile
properties are given in items 3 to 6. .

Item 3 ehowe that the @as-fabric laminate had the highest modulus
of elasticity in tension (3,280,000 psi) of the five laminates, the
highest yield strength at 0.2-percent offset (23,800 psi), and the.highest
ultimate strength (39,900 psi). The paper leminate had nearly as high
yield strength at 0.2-percent offset (22,500 psi) but had the highest
yield strength at O.O>percent offset (15,300 psi) of any of the laminates.
The yield strength at 0.05 percent was higher for the paper laminate than
for the @as-fabric laminate because there was a smaU change in slope
of the stres~tiain curve of the @as*fabric bminate at a%out 6000 psi
followedby a straight line extending nearly to fracture. This change in
slope has not leen noted in any previous reports on tensile tests of glas+
fabric leminates.

The lo%pressur=olded canvas laminate had the lowest values for
all the quantities measured in the tension tests. Compared with the
grade-C canvas laminate the low-pressure+dded canvas laminate was
29 percent lower in modulus of elasticity, 27 and 30 percent lower in
yield stiength at 0.05 and 0.2 percent, respectively, and 25 percent
lower in ultimate strength.

__.—-— —. ---- —.——.—— —-————-
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The ultimate strengths of the laminates tested are in fair agree-
ment with the values obtatied by Msrin (reference 5) for the same materiels.

..
The variations noted were frcm 2 to 19 percent. The large variation found
in thecase of the paper laminate may have been due to differences in the
shape of specimens used ti determining the ultimate strength.

. The ultimate strengths obtained %y Msrin were 7 percent lower than
the results obtained herein for straight test sections. Such spec~ns
(straight tewb sections).of paper laminate tested h the present tests
failed new the shoulder of the spechen at a stress 13 percent lower than
that of spechens having a test section reduced at the center. The moduli
of elastici~ reported by Marin are from 9 to 23 percent lower than those
obtained herein. A comparison of the moduli reported by Lmb, Alhrecht,
and bitioa (reference 6) for the same laminates tested in flexure with a
span+epth ratio of 8 to 1 indicates exact Weement with the average of
the tension and ccmryressionmod.ulireported in the present report for the
payer laminate, 6 percent lower than reported herein for the low~ressure-
molded canvas laminate, and 17 percent lower for the grade-C canvas
lemlnate. These differences may be due ti part to differences in amount “
of data olrkdned h different investigations at the foot of the stress-
strain curve; to differences in the manner in which the ewes were drawn
through the test points; to differences in the testmmacties, rate of
strain, and spec=n temperature; and to differences between the sheets
of lambate tested.

The values obtained herein for the strength and stiffness of the

r
ass-fabric laminate h tension appesr consistent with other reports

references 7, 8, 9, ~ 10), al~ou@ co~iderabQ ~$e ~~iation OCC~S
for different fabrics end resins, and no other data we available on
either the fabric or resin used h the present investigation.

The ultimate strength obtained fram specimens having straight test
sections and the yield strength at O.Z+percent offset reported in the
present paler are within 3 percent of the values reported for a comperalle
paper laminate ly Erickson and Mackin (referenceXl). The modulus of
elastici@ reported ly Erickson end Mackin was 12 percent higher than
that found in the present investigation.

The riltkte strength in tension of the strongest paper lamlnate
testetlby Field (reference12) was about the same as the value obtained
in the present investigationfrom specimens ti,~ straight test sections
and the ulttite strength reported in reference 10 for the strongest
paper laminate is alout U. percent less than that reported in the present
paper for spechnens having straight test sections. The yield strength
at O.Z+percent offset reported in reference 10 was a%out 17 percent less,
and the modulus of elasticim was a%out 8 percent less than that given in
the present report for the paper laminate.

The tensile properties reported herein for the paper laminate are
considerablyletter then the properties previously reported by the authors
(reference 2) from tests of one of the first paper larrulnatesmolded from

‘d
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Mitscherlich Taper. The paper laminate of the present tests has 44 percent
higher modulus, 62 percent higher yield strength at 0.2-percent offset, and
99 percent higher tensile strength. These canparisons are lased on an
average of the.properties parallel and perpendicular to the grain of the
paper, as reported in reference 2. .

The ultlmate strength, yield strength at 0.2-percent offset, end
modulus of elasticib reported in the present paper are in substantial
agreement with the average of the with– and cross~ain values reported
II; Oberg, Schwartz, and Shim (references
laminate. No data are available on reyon
laminates for comparison with the present

Static Compression

The static compression properties of

10 and 15) for grad~ &nvas
or low=pressure-molded cenvas
tests.

Tests

the five laminates me SUU+
marized in table VIZI, items 7 to 10. Item 7 shows that the mdulus of
elastici~ in,compression is highest for the glass-fabric laminate
(3,230,000 psi) and “lowestfor the low~ressure+molded canvas laminate
(940,000 psi). A,compsrison of item 7 with item 3 shows that the modulus
of elasticiw in compression is very nearly the same as that in tension
for all laminates, although the.tension modulus of the low=pressure-

. molded canvas lemina.tewas alout 15 percent lower and the tension modulus
of the reyon laminate was a%out 6 percent higher than the compression
modulus ●

The ultdmate strength in compression was highest for the glass-fabric ,
laminate (45,300 psi) end lowest for the low~ressur=olded canvas
laminate (18,3oo psi). It is significant that in compression the ultkte
strength of the grade-C canvas laminate was about a percent higher than
either the rsyon or paper laminate, while in tension the grad= canvas
laminate was from one+half to one-thtid as strong as the reyon or paper
laminates. It is also of interest to note that the glass-fabric laminate
had about 12 percent lower ulttite strength in tension than in compres–
sion and that the ulthate strength of both canvas laminates was less
than on+half aE great h tension as in compression.

The yield+trength values show a somewhat different relationship.
The yield strengths h tension are within 20 percent of the value for
compression for both of the canvas laminates and the reyon laminate. How–
ever, for the paper laminate the yield strengths in compression are shout
one+alf those in tension, and for the glass-fabric laminate the stress—
strain curve in compression was so straight that an offset as small as
0.05 percent waa not reached before fracture.

..

9

For the canvas laminates and the paper laminate the compression
moduli obtained were about twice those reported by Marti (reference 5)
for the same lsminates. For all but the low=pressure-molded canvas
laminate the ultimate strength is hi@er than that reported by Marin. The
only comparison it is possible to mske with the Ylexure tests reported by

-—.—— .—.. —— .— --—- —.— __—.. -—— — .—
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lkmb, Albrecht, @h&oa (reference 6) for the same laminates was
described under tension tests. The possible reasons for the differences
are the seineas those described for the tension tests.

The values obtained herein for the strength and stiffness of the
glass-fabric laminate imcompressiop appear consistent with the data
reported ly C. D. Jones (reference 8). However, the compression strength
obtatied herein is about twice that reported by Armstrong (reference 9)
and in reference 10.

The modulus of elastici~ reported by Erickson andhlackin (reference U)
for a comparable paper lbminate is 7 percent lower than that obtained
herein. The ultimate strength was 4 percent higher and the yield strength
at O.@ercent offset was 0.1 percent lower.

The ultimate strength in cmprepsion of the strongest paper laminate
testedby Field (reference 12) is about 9 percent higher than the value
obtained herein, and the ulttite strength reported in reference 10 for
the strongest paper laminate is about 13 percent higher than that obtained
herein. The compression strength of paper laminates reported h refer-
ences 10 and 12 was higher then the value reported in the present paper and
also in reference U, whereas the reverse was true of the tension strength.

The compression properties reported herein for the paper laminate
have higher values than the propefiies reported in reference 2 from tests
of one of the eerlier Mitscherlich~aper laminates. The paper laminate
of the present tests has 36 percent higher modulus, 45 percent higher
yield strength at O.@ercent offset, and & percent higher compression
strength. These congmrisons are based on an average of the properties
reported in reference 2, parillel and perpendicular to the grain of the
paper.

The mahlus of elasticib reported for a grad~ canvas laminate
ly Oberg, Schwartz, andshinn (reference 13) and in reference 10 is
20 percent higher than the values obtained.in the present paper; the
ultimate strength reported is U percent higher, but the yield strength
at 0.2~ercent offset was Xl percent lower than that obtained hereb. No
other &ta are atila%le
for comparison with the

The static torsion

on r~on or lo+pressure+nolded canvas laminates
present data. .

Static Torsion Tests

properties of three of the laminates ere s-
merized in table KEU, i’&& 11 to 14. Itm XL shows that the shearing
modulus of elaatici~’as determined from a torsion test is highest for
the glass-fabric laminate (598,000 psi). On compering the shearing modulus *

with the tension modulus for the three laminates shown in item 11, it is
found that the sheming modulus is a larger percentage of either the ten-
sion or compressionmodulus for the glass-fabric laminate then for the ~,
reyon”or paper laminates. However, h all cases the shearing modtius was

lower than would be expected of isotropic materials. If the lemimtes

●
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were isotropic the shearing m6dulus could not be less than one-third the
tension or compression modulus (reference 14).

The modulus of rupture in torsion was lrtghest- of the three laminates
tested - for the @as*fabric laudnate (7900 psi). The modulus ofr@ture
in torsion for the @as*fabric leminate was about cnu+sirbh the CO*
pression strength and about one-fifth the tensile strength. A similar
relationship exists for the rayon and paper laminates, although the
differences are less msrked.

The shearing yield strength at %oth 0.0> and 0.2-percent offset was
the fgeatest for the paper Mdnate. The reason for the low yield strength
in the case of the glas~falric laminate may have been the poor bond
between laminations, which was described under MATERULs AMO SPECIMENS in
the section entitled “Material.”

The shearing moduli of elasticity reported byMeMn (reference 5)
were 10 and 8 percent lower than the results obtained herein for the
rayon and glas-fabric laminates, respectively, and the modulus of
rupture was lower for aU three laminates -il., 19, and 23 percent lower
for the rayon, paper, and glas5fatmic laminates, respectively. The
possible explanations for these difference are the same as those given .
for the tension tests.

The only pretious data on torsion tepts of leminates are those of
oue of the first Wtscherlickpaper laminates (reference 2). The testing
technique used in tests of that laminate was the same as that used in the
present tests but the results were quite different. The shearing modulm
of elastici~ for the paper lemtnate of the present tests is 24 percent
higher than that obtained for the older paper laminate, and the mdulus
of rupture is 105 percent higher,

The shape of the stres~train cmve for the present torsion tests
of the paper laminate is quite similar to that for the tension and cqres-
shn tests. However, the strem+strain curve for the older paper laminate
(reference 2) was different. ~stead of a smooth cmve, an abrupt change
occurred - like a yield point in mild steel. This was accompmied by a
splitting crack along the laminations and was prolably due to the poor
bond between laminations noted in the older material.

Roclai%~ Hardness Tests

The results of the Rockwell hardness (resistance to indentation)
tests are shown in table T. These data show that the @as-f abric lamixkte.
is the hardest (MU9 to MI-I-8)and the lm+pressur~lded canvas laminate
is the softest (M95 to M87) for tests perpendicular to the laminations.
Some difference was observed between the hardness of the @o faces of the
canvas Laminates. A difference of 6 points in Rockwell M nuuiberswas
observed for the low-pressur~lded canvas laminate and 3 points for the

. ... —.—.—.-—.—..-...-——— ——— -.— -— .-. —— —— —.— .——
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grad& canvas
in temperature
laminate.
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laminate. ● Such differences may have been due to differences ~
of the top and bottom platen of the press used to mold the

It is also of interest t~ note that the hardness parallel to the
laminations is 6 to 8 points less - the hardness perpendicular to the
laminations in aU the laminates IumLng cel.lulosicfillers. Since the
glas+fabric laminate was psrallel-laminated, heminess tests were made
both parallel and perpendicular to the direction of the greatest tensile
strength. The hardness parallel to the greatest temile stren@h was
7 points higher than that in the perpendicular direction. The average
of these hardness values -sS h~evers about the same as the hardness
perpendicular to the laminations.

Tension Creep Tests

The elastic strain at 20 seconds and the total strain at 1000 hours
are plotted in figure 35 for all five of the lwdnates. It is observed
that the data form smooth curves similar in appeemnce to the sties+
strain curves in tension except that the coor~tes have been reversed.
In fact the moduli of elasticity obtained by measuring the reciprocals
the slopes of the curves of elastic strain at 20 seconds in figure 35
agree fairly well (consideringthe few test points available) with the
moduli obtained from the static tension tests at the same temperature.

The values of moduli of elastici~ of the lsminates obtained from
the curves of elastic strain at 20 seconds ere 3 percent lower for the
low-pressurelded canvas, 15 percent lower for the grad- canvas,
10 percent higher for the rayon, 0.4 percent mgher for tie paPer~ ~d
23 percent lower for the glas+f abric laminates. The large tifference

of

in
m&l~us of elasticity of the glas+fabric laminate was caused by the fact
that the stress+tiain curve in static tension changes slope at about
5000 psi so that the initial slope of the stress-strain curve was not
detected in the creep tests. Figure 35 shows that the increasp in etrain ‘
due to creep after 1000 hours of creep is a larger percentage of the
elastic stiain at 20 seconds for the canvas laminates ~a rayon laminates
than for the paper and glas+fabric laminates.

The percent increase in strain from 20 seconds to 1000 hours is
shown for each specimen in table VI; the percent increase in strain from
20 seconds to 3000 hours is also shown in table VT. An e~tion of
these data discloses -thas$there is no systematic variation with stress.
In fact the percent increase in strain at 1000 hours and at 3000 hours
is substantially independent of stress (except for scatter).

This observation is consistent with one of the equations proposed in
reference 15 to describe creep behavior. The equation used is

4

v

v

.,

(1)
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where c is the total strain, co and m are functions of stress (Co

not necessarily the elastic strain), t is time, and’ n is a constant
independent of stress. The constants ~, m, and n are functions of

material.

If co = m (a condition which was shown to be a possibility in

reference 15), then

e=eo(l+tn)

The percent inc~ease in stiain ~ from t = O to ~ is then

(2)

(3)

is

the

which is a constant independent of stress and depenbnt on the material
and the chosen time tl.

It can also be shown that the percent increase in strain computed
from equation (2) (where Go =m) betieen w tio times tl ~d t2 iS

also a constant.independent of stress. W&n Go = O in equation (1) it
. can also be shown that the percent increase in strain between any two times

tl and t2 is a constant independent of stress. l%rther evidence tmt the

foregoing discussion may have merit is found in table VZ, in which is
recorded the percent increase in strain tiom 1000 to 3000 hours. Thes9
data we also nearly independent of stress, although there is a large
amount of scatter.

If further s%udies should show that the percent increase in strain
from the start of creep to a specified time under constant load is a
constant dependent only upon materi,aland temperature, then this constant
(termed “creepocity” in the present paper) would serve as a convenient
measure of the serviceability of a material under conditions of creep.
High values of creepocity would denote poor resistance to creep.

.
Of course the creepocity alone does not define the complete creep

behavior of a material even at a given temperature, but it does define one
of the terms in equation (1), namely, the constant n. This constant mq
be computed from equation (3) by taking logarithms of both sides of the
equation, with the folloting result:

. log #~ -2
n= (4) “

log tl

where #l is the C’eepocity in percent =d tl i’ tie the for w~ch

@l ‘a” dete~ned”

_——.—..————.— —— ————.. -—-—— —.—
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The rate of creep at 1000 hours was deterndnai as descri%ed under
TEST RESULTS in the section entitled “Tension Creep Testsn and is talmlated

.

in table VT for each specimen. The effect of stress on the rate of creep
for all five laminates is shown in figure 36. The rate of creep for a
given stress, such as 40001si, is greatest for the l~pressure+nolded
canvas laminate and least for the glass-fabric laminate. It was’observed
that the curves in figure 36 were all concave downward. This suggests
that all the curves might be made linear by adding a certain constant C
to the rate of creep before plotting the data or ly using logarithmic
plotting of stress as well as rate of creep.

If the first technique caused the data to form straight lines, then
the relations between stress u and rate of creep v at a given number
of hours would be as follows:

v=C#”-C=C(eka—l) (5)

where C is a constant depending on material, temperature, and time and
k is a constant depending on mterial and temperature. This equation
corresponds to tha relationship obtained for another laminate in refe~

/

ence 2 and is nearly in agreement with the activation energy fi90ry for
creep in the form discussed in reference 15.

*
If the second technique (logarithmicplotting) caused the data to form

straight lines, then the relation between stiess u and rate of creep v
at a given nmiber of hours would be as follows:

NT=ccr3

where 02 is a constant depending on material,

.

(6)

temperature, and time and
N is a 6onstant depending on material and temperature. Equation (6), how
ever, is not in agreement with the activation energg theory and is thers-
fore of doubtful valitity. ~

The measurement of the rate of creep from the slow of the creew
timm curves is subject to considerable error, which accounts in part for
the scatter shown in figure 36. Thus a careful analysis of these data in
the manner discussed would probablybe unprofitable. It is felt that the
data shouldbe studied along the lines indicated in reference 15.

The equation used in referenca15 to represent the creep behavior is:

G = c2(#u_l) (1 + +) (7)

where u is the stress, t is time, e is total creep, and C2, k, and

n are constants’depending on material and temperature. Ehichan equation
might be useful.to a designer since it would permit computation of a design
stress al based on an allowa%le total creep El at a time tl, by

— — —-
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substituting in the fol.lowlngequation obtained
equation (7) and substituting al, ~1, and tl

[’6
+q ‘ * lwe C2(1 + tin)

Or if it were desired to base design stress al

23

by solving for a in
for a, c, and t:

11 (8)

on a,given allowable

creep rate vl at a time tl, this could also be done, although there

seems to be no reason to prefer to use creep rate rather than total creep.

The creep rate canbe obtained from equation (7) by taking the deriv-
ative with respect to time. The result as given in reference 15 is

A design

and

thg
The

6 v = C.2(eku - l)nfF1 (9)

value of creep rate vl is then foundby substituting TIS ul~

for v, U, and t as follows:

vl = C2(#al – l)ntl*l (lo)

Some of the creep characteristics of the five laminates included in
present series of tests are summarized in table %lZI, items 16 to l&
total creep (including elastic deformation) at 1000 hours for a stiess

“ of 400i0psi (item 16) is ‘We least for”the gla&5fabric laminate

[
0.15 Tercent) and the greatest for the low~ressure+mlded canvas leminate
1.03 percent). The average of the percent increase in strain of specimens
at several values of stress and for 1000 hours of creep is the least for
the glass-fabric laminate (16.4) anclthe greatest for the grad= laminate
(&3.5). The rate of creep at 1000 hours for a stress of 4000 psi is
the lowest for the glas-fabric laminate (2.8 X lfi in./in.@) and the
greatest for the low-pressure-molded canvas laminate (69 xld in./in.~).

It is of interest to note that these three q~tities do not place .
the laminates in the same order. The total creep snd rate of creep give
the folloiringorder of increasing resistance to creep: low-pressure
molded canvas, grad~ canvas, rayon, paper, and glass-fabric lsmlnatea.
The average percent increase in strain after 1000 hours indicates the
grad~ and rayon laminates to be about equal and the low=pressure-molded
canvas lsminate to be better than either grad- or rayon laminates.

The creep rates reported byMarin (reference 5) for different sheets
of the same laminate are from two to five times the creep rates reported
herein. This discrepancy may be due in part to differences in the samples
tested, differences in strain measuring technique, or differences in method
of measuring the creep rate. Msrin measured the slope of a straight line
passed through the test points between 100 to 300 hours and 1000 to 1400
ho~-s, whereas in the present investigation the sloPe of the creewti~
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curvep was measured.at 1000 hours by using the data %etween 700 hours and
13CM hours in measuring the slope. .

It is also of interest to note that the total creep at 1400 hours
obtained by Msrin was lower for all laminates than the total creep at
1000 hours reported b the present paper fw corresponding stress values.
The differences noted vary from almost zero to 44 percent. Most of the
compsralle spechens tested hy Marin had a total creep about 20 percent
less than the values reported ti the present paper. Another difference
observed is that the creep specimens tested by Msrin were able to with-
stand much higher stresses without fracture than specimens tested herein.
This may be pertly the result of the difference h shape and size of
spec~ns used in the two series of tests.

The only previous creep tests of lemtnates which have come to the
attention of the authors aretthose by C2umman (reference ~6), per-
(reference17), and.in reference 10. The shape of the creep curves obtained
in these investigations is s=ar to those reported herein. Since the
laminates tested h these tivestigationswere quite different from those
tested in the present investigationno comparisons are made.

Fatigue Tests

The fatigue strengths ob%ined from aU series of fatigue tests of
the five laminates are summarized in table TCCI in items 19 to 23. The
fatigue strengths at 10,000,000 cycles for specimens tested in rotati~
learnfatigue machines at 7’7°F sre shown in it= 20 for tests of unnotched
spec~ns and in item 22 for notched spec~ns. For unnotched spechens it
was found that the glass-fabric lam5nate had the highest fatigue strength
(14,600 psi) and the low~ressur~lded canvas laminate, the lowest
(2700 PSi). The fatigue stmength of the notched specimens was the highest
for the glaas-fabric laminate (12,200 psi) and the lowest for the low-
pressure+nolded canvas lemdnate (2500 Psi). The fatigue strength of
umnotched specimens of the five laminates was h the same order as their
tensile strengths,whereas this was not true of the notched spechnens.

An examination of the data given in table KIZ.for the fatigue strengths
at 10,000,000 cycles indicates that the fatigue strength of the notched
spec-ns is nearly as large or larger than that of the unnotched spechens
for all lsminates except the paper laminate. This is quite a.different
result from that predicted 3Y Neuber (reference 18). His calculations
were, of course, based on elastic behavior of homogeneous, isotropic
materials. The stresswoncentration factor given by Neuber for a notch
of the shape used was about 2.8. The values of the effective stress–
concentration factors obtained by dividing the fatigue strength of the
unnotched spechens at 10,000,000 cycles by the fatigue strength of the
notched specimens at 10,000,000 cycles was a%out 1.0 for the gradti and
rsyon laminates, 1.1 for the low~ressm~lded canvas lamlnate, 1.2 for
the glass-fabric laminate, and 1.5 for the paper laminate. However, it does
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not seem reamnable to designate these ratios as the
concentration factors when several other factors may
fatigue strengths obtained.

A comparison of the E&l’?diagrams of the notched
mens (figs. 37 to 41) shows a quite different effect
fatigue strength from that given by reference to the

25

actual sixese

have affected the

and unnotched speci—
of the notch on the
fatigue strengths at

10,000,000 cycles only. The slope of the E&N diagrams for the notched
smcimens is greater than.the slow of the corresponding part of the

. W diagrems of the unnotched spcimens for all materials tested and
for the entire range of stress value used. For SU five laminates the
E&N diagrams for the notched and unnotched swcimens cross, so that the
notched spcimens are stronger in fatigue than the unnotched s~chens
for tests which fail before the number of cycles at which the two
H diagrams cross and weaker in fatigue for tests which last a larger
number of cycles than that at which the two H diagrams cross. It iS
interesting to note that the nymber of cycles at Which the M diagrams
cross veries from about 50,000,000 cycles for the rayon laminate to
50,000 cycles for the paper ladnate.

The crossing of the two S4 diagrams my have been due to some of
the following factors: h the notched syecimens there was a large volume
of low-stress material immediately adjacent to the high-tress material in
the notched specimens so that the heat developed by hysteresis damping in
the material of the notch mey have %een more readily dissipated than heat
developed by an equal stress in the umnotched spec-n. Thus, the temperature
developed in the notched specimens may have been nearer room temperature than
that developed in the unnotched specimens. The lower temperature would tend
to produce higher fatigue strengths, as observed. Also the higher stresses
would probably produce greater temperature differences which would tend to
cause the difference in slope of the curves, as noted. However, the
differences in specimen temperature which seem poswible are not lerge
enough to account entirely for the effect obsemed.

Another factor, which may have contributed to the difference between
the notched and unnotched fatigue tests, is the difference in the state
of stress of the two specimens. In the unnotched specimens the state of
stress was a unlaxial tensile stress (only one principal stress different
from zero) at the surface of the specimens; whereas, in the dee~otch
specimens, the state of stress in a region slightly below the surface of
the notch approached a state of triaxial tensile stress (three equal
principal stresses indtension).

The fact that the laminates consist of layers of fabric or paper
bonded by resin may also cause the stresses in the notched specimens to
be markedly different from the values expected for isotropic materials.
When general cracking or more than one fati~e crack develop (as was true
of thase laminates) the criterion of fatigue failure used for the rotating-

. beam
with

fatigue tests might operate differently for the notched as compared
the umnotched specimens. This may explain some of the difference

_—___ —— .—-- .—— —. —..-— _—- . .
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in behavior of notched and unnotched specimens, especially if the rate
of crack growth is affected both by the intensi~ of stress and the
present’eof a notch.

The S-N diagrams for torsion fatigue tests obtained from fatigue
m&&nes of constant amplitude of deflection ere shown in figures 37

. These figures show that the curves for the torkion tests are sim-
ilar in shape to the curves ‘forflexure obtained from tests on rotatlng-
cantileve&beam fatigue machines. The fatigue strengths at 10,000,000
cycles are given in table TCU. The order of torsional fatigue strength
for the laminates is as follows: glass=fabric (highest 3300 psi),
grad~ canvas, paper, rayon, and low-pressure+nolded canvas (lowest
900 psi). Except for the highest and the lowest values, this order is
different from that in flexure fatigue.

W tiagrams for rotat~antilevetieam fatigue tests at three
different temperatures (–75°, ~, and 1600 F) are shown in figures 42
to 46. For all but one of the laminates tested the three S-N diagrams at
different temperatures form a family of similar curves. The shapes of
the curves for the glase-fabric latalnate(fig. 46), however, ere dissimilar
for some Unexplahed reason. liIall cases, the fatigue strength Increased
as the temperature decreased.

The fatigue strengths at 10,000,000 cycles are given in table VII.
In order to show the effect of temperature “nmreclearly, the fatigue
strengths were plotted against temperature, as shown in figure 47. The
shape of these curves suggested that they might be hyperbolas so the data
were replotted with logaritlndc coordinates. The results are shown in
figure 48. Although only three test points are available for each material,
the fact that the straight lines were obtained for all five laminates lends
support to the possibility that the relationship between fatigue strength
and temperature may he hy-perbolic,that is,

Ua=fl (u)

wher’e ua is the fatigue strength, T is the absolute temperature, and
p end q are positive constants.

It is of interest to.note that the straight lines ~epresenting the
relation between fatigue strength and temperature are nearly parallel
(that is, the constant q is nearly the same) for all the laminates having
fillers of celhlosic materials. The slope of the “curvefor the glass-
fabric lemlnate is smaller numerically than the slope of the other laminates.
Thus, if the trend shown continues to still lower temperatures, the fatigue
strength of the paper laminate and even the other ce12ulos+fil.led laminates
would be greater than the fatigue stiength of the glass-fabric laminate at

U

a efficiently low temperature. Also the fatigue stren@h of all the
materials would increase indefinitely as the temperature approached absolute
zero, if the relation given in equation (n) should hold over the temperature “
range of 0° to about 6000 Rankine.
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The effect of aging on
laminate is sho-wnin fimre
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the fatigue strength of the grade canvas
43 %Y the two S-N di~ams for tests at 77° F.

The specimens from whic~ the iower of these two cT&es was obtained &e .
machingd and tested 1 year earlier than the specimens for the upper curve.
The specimsns For the curves at -75° F and 1600 F were machined and
tested at about ths mme.time as the upper of the two curves at 770 F.
This sham that the fatigue strength of this lami,nateat 10,000,000 cycles
inw%aded with age about 16 percent dlur.ingthe second year.

The results obtained for the paper laminate of the present tests were
similar to those obtained for an older paper ladnate (reference 19),
except that the fatigue strength was higher (36 percent highsr for flexure
of unmtched specimens, 74 percent higher for flexure of notche.ispecimens,
and 166 percent higher for torsion fatigue tests). This difference is
due to the improvement in the Mitscherlich-paper laminate. The lifferencs
in slope of S-N diagram of notched and unnotshed specimens was noted in
reference 19 also, but the two curves iid not cross as in the present
eeries of tests. The effect of temperature was also similar %ut the
slope of the curve formed by a logarithmic plot of fatigue strength against
absolute temperature was slightly less numerictiy for the paper laminate
of the present tests; that 1s, the present laminate was lees sensitive to
changes in temperature.

Fatigue tests in flex,me at constant amplitude of deflection reported
by Erickson end Mackin (reference U.) for a Mitschsrlich-paper ltinate
indicate a fatigue strength at 10,000,000 cycles nearly identical to tkat
obtained in the present paper. However, the S-N diagram reported by
l&ickson and Mackin had a steeper slope than that in the prssent paper “
so that the fatigue strength at 10,000,000 cycles was almut 21 percent
higher than that shownhy the present tests. This ctlfferencsis.no doubt
partly caused by temperature effects arising from the difference h type
of machine used.

RotatingAeam fatigue tests (constan&ben3ing-momsmt type) reported
by Oberg, Schwartz, and Shinn (reference 13) indicate a fat@ue strength
at 10,000,000 cycles for grad~ canvas laminate about 16 percent higher
then reported herein. (The comparison was made by averaging the fatigue
strength parallel and crosswise of the sheet as reported in reference 13.)
All-the laminates tested by Oberg, Schwartz, and Shim also indicated a
crossing of the S-N diagrams for notched and mnotched specimens.

Rotating-beam fatigue tests of a high-qtrength paper laminate (cross-
laminated) were reported by Field (reference 12) ~ in reference 10. The
fatigue strength at 10,000,000.cycleswas about 18 percent lower for
unnotched specimens than the fatigue strength of the paper laminate of the
present tests. The behavior of the tests of notched specimens reported
by Field differed from that of the present tests in that the S+T diagram
for
The
the

notched spechens did not cross the S-N diagram for umnotched specimens.
fatigue strength at 10,OOO,OOO cycles for notched specimens.was about
same for the present tests and for those reported by Field.

.. . —— -- .-—..—... ——-. —.. ~— - ———. —---



28 WA TTTMO. 1560 .,

Fatigue tests in tension of glass-fabric laminates reported by Foster
(reference 7) show a similarity to those reported herein. No direct ,“

comparison is possi31e owing to the difference in range of stress between
tie two tests and to the fact that the fabric and resins used were not the
same.

G-emend-Comparison of Properties of the Five Laminates

A sanmary of all the mechanical properties deternrhed in this series
of tests for the f’ivelaminates tested is given in tabls VIIZ. An
inspection of this table discloses that the @as*fabric laminate had
the most desirable mechanical properties in 18 of items 3 to 23; the low-
pressur~lded canvas laminate had the least desirable mechanical prop-
erties in 16 of the 17 items for which test data were available. The
glass-fabric laminate was next to the stiongest in three yieliistrengths:
tension at O.O~ercent offset, shearing at O.O~ercent offset, end
shearing d-tO.&percent offset. Both the grad~ and rayon laminates
were less desirable than the low-pressure-added can~as laminate with
respect to percent increase in strain after 1000 hours of creep.

Tinepaper laminate was the etrongest in the yield strengths for
which the glass-fabric lemiaate was next to the strongest and was next
to the strongest in all but four of the remaining items. The ragon

*

lamiaate was next to the strongest in only one item– the fatigue s$mngth ‘
of notched epeclmens at 10,000,000 cyclas. The gradd canvas laminatd
had next to the most desira%le properties in three items: ultimate *

strength in compression, RockweLL hardness, and fatigue strength in torelon

When the weight of a StrudLl?13 is a significant ~actor in its desi~
the greater strength and stiffness values of the @as*fabric”l aminate
tend to le n;illifiedly its greater specific gravity. ~ applications
in which the size of a given str,uct-ureis fixed and its weight is to he
held to a minimum, the strength and stiffness of the glas-fabric laminate
have only a slight advantage over the paper laminate, or none at all;
the advantage depends upon the type of loading the structure carries and
the service conditions to which it is to be subjected. An exact comparison
cannot be made without a knowledge of the struct~~e involved because the
sigrUficance of the specific gravity depends on the type of loading te
which the component psmts of the structure me sub~ected. (See
discussion at end of reference 3.)

Of the two canvas lendnates, one molded at a molding pressu$e of 180 ysi
and the other at 18OO psi, the grade-C (molding pressure of 18OO ysi) had
the most desirable properties in sillbut one item, the average percent
increase in strain after 1000 hews of creep. In general the mechanical d

properties were about 30 percent lower for the low~ressure-molded canvas
laminate than for the gra= canvas lsminate. Exceptions were as follows:
1> percent lower in compression modtius; 44 and 41 percent lower in con+ $+
pression yield strength.at 0.0> and 0.2~ercent offset, respectively;
12 percent lower in RockwelJ hardness; 43 percent higher (less desirable)

_.— — — — ...— ,—.. .. —...—, -.—
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in total creep at 1000 hours for a stress at MOO psi; 30 percent lower
(more desirable) in percent increase in strain after 1000 houre of creep;
39 yercent higher (less desirable) in rate of creep at 1000 hours and’
a stress of @OO psi; and 61 percent lower in fatigue strength in torsion.
These differences between the two canvas laminates we attributed largely
to the difference in molding pressure, elthough some other differences
of less consequence did exist letween the two laminates. (See talle 1.)

CONCLUSIONS

Results of tests to investigate the mechanical properties of five
laminated plastics - canvas laminate molded at low pressure, gradti
canvas laminate, reyon laminate, paper l-ate, and glass-fabric lami—
nate –have led to the following conclusions:

1. The glass-fabric laminate had the most destrable mechanical
properties of the five laminates in all hut the following properties
meamired: the yield strength at O.O~ercent offset in tension and
the yield strengths at 0.0> and 0.2–p3rcent offset in torsim. How–
ever, the greater specific graviw of the glass-fabric laminate may
nullify its greater strength for certain applicatiorxs.

2. The paper laminate had the next most desirable mechanical prop-
erties in all but seven items and had the highest values for the yield
strengths at 0.05=percent offset in tension and at 0.05- and 0.2=percent
offset in torsion. The grad~ canvas laminate had next to the most
desirable properties in compression strength, hardness, and torsion “
fatigue strength, while the rayon laminate had next to the highest
fatigue strength of notched specimens.

3. The mechanical properties of the canvas laminate molded at a
molding pressme of 180 psi were alout 30 percent lower than those for
the canvas lsmhate molded at a molding pressure of 1800 psi for most
of the properties tested. The most pronounced effect of the lower
mold- pressure was a decrease of 61 percent for the fatigue strength
ti torsion.

4. Some of the creep test d%a present some evidence to support the
proposition that the percent increase in strain caused by creep for a
given t= interval is the same for any stress, h which case the percent
increase in strain or “creepocity”may le a useful quantity for use in
comparing the creep resistance of materials. The evidence, however, i~
not conclusive.

5. The data on fatigue strength of the five lawlnates indicate that
there is a possibility that the relationship letween the fatigue strength
of laminates and the absolute temperature may be expressed by an equation

,
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expressed by an equation of the following form:

Ua =

where Ua is the fatigue strength,
p ~a q are poeitive conf3tants.

T is the absolute

The dati available

NACATN NO. 1560

temperature, and

for the range of

.

te~era~e fhm-75° to 1600 F agree with this expression.

University of Illinois
Urbana, ~., lhy 22, 1946
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DEFINITION OF TERMS

~odulue of elast iCi~. - In this report modulus of elasticity is
understood to refer to the tangent modulus at the initial portion of the
stres~train curve; that is, the modulus was obtxqlnedby measuring the
slope of a line drawn tzmgent to the curve through the lower portion of
the curve. It is important to nobe that friction lag or backlash’in the
strain measuring instrument may result in some irregularity in position
of the first two or three readings, and because of this leg the stres%
strain curve does not necessarily pass through the origin of coordinates.

Yield strength. - Yield strength is designated as the stress corre-
sponding to an arbitmrily selected percent deviation from the straight-
line portion of the curve (or “modulus line”). It is obtained from a
plotted stres~train curve by drawing a line parallel to the modulus
line and .ata distance Prom this line equal to the specified offset
measured along the strain axis. The yield strength is the stress corre-
sponding to the point of intersection of the stres~tiain curve and
the auxiliary line.

Rate of wtr jna . -The rate of strain as used in this report refers
to the time rate of strainLng of the specimen in the elastic (or straigh~
line) portion of the stres~train curve. The value of the rate of
strain was obtained from the slope of a straim+time diE@am plotted from
data taken dur$ng the tests. The rate of strain as interpreted for these
diagrams was the slope of the curve at the portion just below the value
of strain corresponding to the maximum ~train for which dress wa~ ‘
directly proportional to etrain.

Modulus of ru~twre. - The modulus or ruptuzzeis a fictitious wtwsu
obtained, in the case of the torsion test, by s

9
Stltuting the maximum

value of twisting timed into the equation T = -$ The value of stress

obtained does not represent the actual maximum stress in the material
at fracture, because the equatdon used is correct only when stress is
directly proportional to the strain; this is usually not the case at
rupture. Modulus of rupture in flexure is a fictitious stress o~tained
by substituting the maxlmm hending moment obtaine~ in the flexure test

Yinto the equation u = ‘. This does not represent the actual maximum
.

stress at fracture because this equation also is correct only when
stress is directly proportional to strain - a condition which is usually
not true at rupture of a flexural member.

LkQ!??2”- Creep is designated as the total extension in a tension
member which has occurred up to a given time as a result of a constant
load; it Is expressed in percent. It should be noticed that creep

.-.. .-. -..— ..— .-. ——— ——— — ——— .._ —-. — —— .———
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includes both
sively during

the elastic stietoh and.the stretch which
the time of loading.
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occurs progre~

Rate of tree . -The rate of creep represents a time rate of
etien~emim@m mdmacom*t load. .tisdetemined
by measuring the slope of the cree~time curve at a specified time.
Note that the rate of creep multiplied by the time does not give the
total creep.

Creeuocitw. -In this report the term “creepocity” is used to
denote a constant, depending only on the temperature and material, which
is equal to the percent .Incrsasein strain in a tension member during
a specified period of time under constant load.

Fatigue stren@. - In this paper a cycle of repeated stress is
resolved into two components - a steady or mean stress upon which is
superhqosed en alternating stress. The maximum amplitude of an alter-
nating stress cycle, aqmessed in pounds per square inch, which will
not cause fracture of the material for a given nuniberof cycles of
alternating stress is called the fatigue strength. The numiberof cycles
used in this report was 10,000,000. If the stress cycle does not pr-
duce complete”reversal of stiess, the mean stress of the cycle must be
stated when specifying the fatigue strength because in general the
fatigue stiength changes with tifferent values of mean stiess.

*

Mean stress. -The mean stiess is the algebraic mean between the
meximum and minimum stress produced in a material during an alternating

u

cycle of stress. When used in conjunction with the fatigue strength,
the term “mean stress” denotes the mean stress for which the stated
fatigue strength was determined.

~atlme faihr e. -In this report fatigue failure is arbitrarily
defined as havtng occurred when fatigue cracks of a given severity had
developed in a specimen. For torsion fatigue specimens of the size used
in this report the severity of cracks which was.defined as constituting
fatigue failure was that which produced a decrease in stiffness of the
specimens to three-fourths of the initial stiffness. The change in the
stiffness was measured by obse- the change in the maxinmm deflection
of the dpamometer while the amplitude of motion reuined the same. In
order to detemine the nuuiberof cycles at which fatigue failure occurred
for the completely reversed fatigue tests used in this report, the
changes in the maximum values of the dynamometer readings were recorded
at intervals throughout the life of the test until the required changes
in the dynamometer readings were observed. The crit~ion of fatil~e
failure used for rotating~eam fatigue tests was an increase in the
specimen deflection of 0.1 inch while under load.

.-
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164,. and M“6i

Telfair, David, Carmel.1, T. S., @ Nas~ H= K.: tieep ~oPe~es
Molded Phenolic Plastics. Modern Plastics, VOL 21, no. 6, Feb.
~> Z37~~.. 174, and 176..

of.
1944,

-1

.
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TAEm n. -TmEucmms!m

ModulusOf
Yield Btr911f@

Material speck g~atiCity O.05-pement o.2-pemant mtkta R& Of shin
number

(Psi)
offset off se’t
(psi)

q’ee (iI1./iIl. @n)
(psi)

Luw-prasaur’e- 2 0.7-7x“ 106 4,1(XI 5,2w 8,400 0.0016
l?mlaeaCsnvaa .8L 3,820 5,(X)0 8,200 .0016

hldllate : 3,630 5,W0 8,3uI
::.

.0016
5 3,700 5,000 8,300 .0015

Average .111 3,&lo 5,100 8,3co

Grade-cOenvae E 1.13 5,300 7,400 10,700
ImltLnate 13

.0016
1.15 5,100 7,3m 11,ooo .0016

14 1.13 5,3M 7,3m U,400 .0016

Average 1.14 5,200 7,3cQ 11,ooo

15 10,900
16 rl,200

Average %.,lW

- ~te 7,630
;

10,830 26,c00 .0016
;:78 7>&xl

6
10,700 25j~ .G916

l.b 7,7@3 10,900 25,4c0 .0015

Average 1.78 7,7m lo,ti 25,600

?aper l.eminate 4 2.32 13,620 (b) 26,406 .0015
5 2.* 15,200 21,4CQ 28,1ccI
6

.0013
2.34 17,100 23,600 27,200 .CQ17

Avemge 2.40 15,300 22,500 27,200

7
8

31,830
28,4.00

13 32,m
14 32,3@3
15 “ 30,900

Avarsge a31,200

Glass-fabric 9,X43 23,300 40,300 .0013
lqdnat e : ::; 9,4CH3 21,&lo 39,ti .0015

5 3.13 11,300 25,100 39,200
6

.0016
3.33 lJ_,200 25,3c0 40,500 .0013

Average 3.28 10,400 23,&F0 39,9W
i

L,

\,

%0ss section of specimens reduced at center.
-w-

%eld stre@h at 0.2=percent offset was not olJtained because of dl&ge in the grips.

–, —
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TABLE III . - coMPREEsIoTf ‘EIsl?S
.

1
I

I

I

i

I

I

Mu%rlal

Luw-pressurs
mlded cemas

laminate

Grade-C
Cerrras

lamlnate

Yield strength

E@3cbm MOatiu Or O. C&peroaut O. 2-peroent
nmber elasticity

(Psi)
offset offset

(psi ) (pal)

2-inoh leugth

3
4
5

o.g6 x 106 31CX3 yoo
.92 3200 5200

.93 3200 51W

A~erege

l-fnoh length
1
2

3
4

5

Average

.94 32cQ 51m

2-fnoh length
1

7 1.14
10.

5W
1.19 5300 83w

11 1.16 5700 85cm
12 1.15 * -

Average 1.16 5700

ultimate
strength

(psi)

M3,300
18,900
18,300

18,500

17,900
17,800
18,800
18,500
18,&m

18,300

24, $)00

23,300

23,800

23,700

23,900

I
Rate of Etiain
(in. /ti. /nlin)

z0.0016
.0017
.0016

.0016

.0015

.0016

.0016



mm m. - ccMeFmaIo17 !cKm - ~-u~
co
Cn

I

I

I

I, Yield rbmh
<

Epeclmn Wdulue of

I
O.~eroeIit .0.!c?-ywoent !

Material
mnnber

‘mtlmate
, elnstidty

Rite of &?aih

(
(( Feil)

Offwt ~ ofleet dlplgbh

I
I@) @E&) ~ (,pei,) ; (~.lwti) ~

Glwk-’C O=lY@.a ! Mn~ I@h ;
1
,

Ud.r@te : ! I 25,m

T ( !2S,lmlt
b 8 24,&KI

9 I 25;m ,

I
P7erage ~;mo

: Rayon lendda : 24no; len#oh
!I..72 X ld : i-po g,m : 20;000

2
0.0016

L.67 73CQ 9,6CKI i 19,7~ .0016
JI..68 .9 ,Wl 19, $KM .9016

i 1.68 ‘%: : 9.6410 ~ L9,9m ~ .@1316 ;
[ t

1‘

Am@#e I 1.68 I 7’pw3
/

9@3 ~ r19,5w ,,

Wlc: lkngth /
I

I
I

I
20;@xl I

I 9

~

‘wam
1

La m,mo ‘
t

“U2 E’t),mll ,
I

Ammge
( . 1

I I Qloo !

Paper lemlm.te Sq Lmghh
2.W MM U,2CI0 19,i’m .001.6

7 2.W 8S03 U.,3C0 19,@cQ .’0017
9 I 2.k5 u, jfw 19,9MI ,0017

kverage ‘2.J+4 8700 ll,3m 19,8Co
,

v
.

H
z
z
,0

*
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M3terkl

Paper lamlqata

maa~ab~o.
Iadndie

~

TABm III. - Ocumss?& TESYS - Ccwluaea
o
*

I
Specimen

I
Wd.ulus of

numb e~ e$aatlolty

(psi)

1
+nof &.en@q

3;.24x 4Q@

5’, 3.18
6, 3,.d

A~erege 1 3,.23
...

2, I

* . . . . . . . . /— ..-. —-. -.— - .

Rata of strain
(in. /l&/mln)

$,,400
W,q.w ‘
lg,~m,

--.-+.... ....,- -...-...— ....- . . . .
I ~ B*MY2

(
1

-... . .. . . . . .- . .— .-. . . . . ------ [
,-”-

(’a); : ~a), ‘ ~-,~, ; oyyg :
---: --- 42;60&
--- --- I 41,,200 .cwL6 !

. .- . . ~3,3w- : --

-.. . . .- . .

w’,9,0Q,

45,$00
43.000
4J;5$X3

. . .. . .— .-..... .
:- 45,,3,(M;,-’” ;

c.+. .--- .. ..... —-----. ...- ,..—.--- . ...

%peoimen~ failed before O. O~moen% oms,et we, re+whp.f!.
-“,
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TABLE ,IV. - TORKCOIi TEEI!S

1

Yield strength

Material Speoimen Emearing O. O~ercem* O.z+peroent Modol.w of Rate of w&b,

number Dmdulm of off aet off aet rupture (lrl. /in. /rein)

elaatiol~ (pat) (pal) (paf)

(psi )

Rayon lemtnate 1 O.z% x 106 27M 3400 0.013
2 a210 2800 35co !% ,015

.202 , Boo 3500 .014
: .220 2300 3300 44(X) .013

5 .s?ll 2700 3400 4-400 *013

Average .21.3 27ca 3W woo

Paper lmlnake 9 .376 49CQ 6100 6100 .011
10 .372 5100 (a) 5300 .011
U. .361 4500 5700 .011
12 .352 a) 57W ,011
13 .347 ~ooo

Average

● 011

.358 4900 &

Glaae+Mnlo 1 .616 3700 5300 ,010

lamlnate .580 3m ::

: ?%
●W

.598 3600 8100 ●W
4 .578 3500 5300 79CQ .Ccm

3 .6ti 3W 4900 .009
Average .598 3500 5100 7900

%-peolmen faild be~ore O. 2=percent off aet ma reaohed.
v.

... - , .
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TABLE T. - HARD- ‘rESrs

Rockwell hardness,M scale

Material Perpendicularto Paz%llel to ParaJlel to
laminations laminations laminations

~d parallel to and perpendicular
Front Back tirectionof to directionof
face face greatest tensile greatest ten3ile

strength strength

Low-pressure 94 89 81
molded canvas 96 89 80
laminate 95 89 85

Avarage 95 89 82

Grad~ 107 102

Cauvas I(YJ lio 102.
laminate 105 llo 103

Average 107 llo 102

Rayon 98 96 92
laminate 97 98 , 91

99 98 90

Average 98 97 91

Paper llo no 82
laminate 1.11 113 84

1.12 llo 82

Average m 111 83

Glass-fahric 117 SL7 la 112

laminate 120 U8 121- 114

llg I.lg 120 SL6
.

Average llg SL8 la 114

—————— .—— —. —-. _.— — -.—. -————



TAEmvI. -cmtJKPTEm

Mat erld

Low-’fmseure-
molded oenvae

lemchlatm

Rayon lemlnatx

m-eeoona
Eitreae . elaetio
(psi)

(g%)

m“ O.&y
lxx .142

lE!CKI .218
2400 .307
3CC’O . 3=94

3&Xl .481
4200 ,610

T
930 .073
lfy)o .1-(I.
‘2350 .240

.3’59
4750 .478
57@3 .630
65P .706

r190 .la
3900 .222

.351

7E!C0 .520

%tel oreep
(percent)

v

O.ql%
.2075
,3281
.4961
.64E!4
. %74

1.U78

.1440

.3017

.466

.6704

.9036
1.2%0
.-----

0.1070
. EZ73
.36111
.5462
.7036

.9487
1.23k2

.1604

● 3343
.Y140

.7335

.9930
1.3747
.-.---

8.6 x 10-8

14

53
66”

‘%

u
22

i?
60
95
-----------

Avemuze

46.8
46.2
50.7
61.6.
64,6
80.4
83.2

61.9u
IQ.16

2::
65.6

9*54
10.15

77.8 10*1O
80.0 9.44
g7.k 9*37
lcu.8 10.14

78.2 10.13

97.2 m

76.4 95.5
92 I.lo

!23.5
!$:: 107.5
94.7 IJ8
.-.-- .-.--

U.*39
10.8
9.42
9.41
9*89
12.13
--.--

m
Walue,e oorrwted for oh.mge in length of epeoimm oarrylng zero load. -w%= “~



.

Tmm VI. - 0Fm5P mm - (kmOlna-d

1 ,

horee.se h strain

(mmemt )

%?otal oreep

(perod)

-

20-aeoo?l.I

ebstio

stra@
(pement’

strem
Material (pal)

Rate of creep

at 10~ hours

(in./iIl./hr) 7
58 x 1+

72
---------

0

Rayon laminate 9,7M
ll,6c’o
13,6cKl

1.4211
1.8274

1.4850
1.8957
------

MM - 4.50
!25.5 3.74
----- ----

0,720

.963
1.3al

97.5
e9.4
----------

==-i-==

Paper lamim

.
2,000

4,00Q
6,000
8,0MI

10, OMI
12,003

.092

.159

.249

.326

.407

.548

.1067
b:g$ b, ~

.3391

.4667
.3505
.4816

,6002 .6222
.----- #------

26.0
35.8
36,2
43.1
47.5
----

4.3
6.4

12.9
!21
19
-.-------

30. 3*29
39*5 F2.73
g.; 3.36

3.19
48” 3.67
----- ----

=--h-iAverage I 37.7

7
Qam+fabio

I.mina’ta

4, Oxl
8,mo

12, OCxJ

16j@x
20,m
24,1XI0

.1550

.3359

.5148

.6700

.%80
------

.1574

.**

.5210

.6749

. 87J-2
------

24.0
15.4
16.7
10.6
13.8
---- J)

26 1.55
17.7 1.94
B, 1.20
LL.4 .73
14.2 .37

----- ----

17.5 1.16

,1*

. @l

, w
.w-
.763

.965

;:?
4.2

?:2---------
Average I 16.4

I %mmcted for *ok. EQe figure 33.

I
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TABLE KU. - FATIGUE TI?STS

NACA TN No. 1560

u

Mflohine
Rotat ing-centilever- Torsicm fatigue
beam fatiguemaohine machine

Specimens Unnotohed Notohed Unnotohed

Air t&perature (~) -75 77 160 77 77

Speed (rpm) 6500 6400 6500 “6bo
17W

6~o 6~;o 6~;o 6;;

. Fatigue strengths
Material

Tensile stiess Shearing stress

hw-pressure- 4,000 2,700 2,100 Q 500 900
molded cenvas ‘
landnate

Grad+ canPas 5,900 3,700 2,9~ 3,600
lamtnate ~a

b3,200

Rayon laminate 8,900 5,800 4,400 6,000

Paper laminate 12,700 7,900 6,300 S,koo

Glas&f abrio 17,200,14,600 13,600 I-2,200 3300
ladnate

2300

1700

2100

am fatigue 13&-en@hvalues are for 10,000,000completelyreversed
stresscycles, in psi.

%aohined and tested 1 year earlierthan tests for which first value
Is given.

.

—— .—
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TABLETCCt. -slJMmRr oFMEommcALFmmRmEs ~

“

—

Item
moldedoanvaEcenvae Glass-fabric

number Item laminate ~%e laminatelaminate lmdnate

1 Moldingpresmme
(psi) 180 1800 Iloo 250 40

M
2 Specificgrati~ %3 1.* al.37 al.42 %.87

3 T-ion modulus
(psi) 0.81X 106 1.14 1.78 2.40 3.28

4 Ultkte strength
in tension(psi) 8,300 11,1oo 25,600 31,200 39,9M

5 Tensionyield
strengthat
O.@=percent
offset(psi) 3,800 5,200 7,700 15,300 10,400

6 Tensionyield
*@ at 0.2-
percentoffset

(psi) 5,100 7,300 10,W 22,500 23,800

7 Compression
modulus(pSi ) o.gkX 106 1.16 1.68 2.44 3.23

8 ultimate.9&w@
in compression

(psi) 18,300 25,000 20,100 20,100 45,300

9 Compressionyield
strengthat 0.0>
peroentoffset

(psi) 3200 570Q 7200 8700 (b)

10 Compressionyield
strengthat 0.2-
percentoffset

(psi) 5,100 8,600 9,6W I.1,300 (b)

U Torsion(shearimg) o.213x
moatilue(psi) 106 < 0.353 0.598

M Modulusof ruptwe
(torsion)(psi) 7900

%ta taken from teats made at the National Bureau of Standards. T

%or theglaswfabriclamlnatethe stres-ain curvein compressionwas so
dmaightthatan offsetas mull as 0.05percentwasnotreachedbefore
fracture.

—— ———Z.. Z. -z _ ——. .

.



46 NACA TN No.

TABIiEvnI.- 2mMARYoFMKmAmMLm~~ -cOmhaaa

1560

-
&aaa-o
lanvaa

LeminateI.ednata

Rayon
imlnate

Paper
HDlnata

Glaae-fabrio
laminati

Shearing (taraion)
yield aimangth at
o.~mt offset

(pKt)

~ (ti~~) \
yield strength at
0.2+aroent -set

(psi)

13

14

!2-(03 3W

5100590

W5 Mlq

Mm2

.O.p

RookWell herdnass
parpandlonlar fm

I.amhlata

15

J&3

M91

0.42

8s.7

3

MILl

M83

0.22

3

6.9

Ml19

Rmkwll. hS1’dlMSS
parallel to

I.e@naticma M!32 M121

16 WPotal oreep at
1000brfora
etresB of 4000
pal (parcmt) 1.03 0.15

Average fortaatB
et swvwrd streeees
Oftheparoant
increaae in atraln
Sftarmcxl hoursof

oreau

17

&3.5

49

61.9

6gx M#

3.6.4

2.8

3.8

19

‘#Lataoforeap at
lQOQh foretrem
Oftipd
(in./lll.p)

%@ atrm at
-~ F (pel) 4,000 8,900 12,7(x 17,2Q0

?Faay(p~ngtJIat!23

21

5,800 14,6!302,7rY3 7,m

6,3CXI

5,400

2,563

3,600

4,400

6,030

13,6002,1@3

‘Fatigue .9&en@
of notched epeci-
mena at @ F (pei)

22

23

12, ax

@atigua atmngth In
torsion at w F

(psi) \ w 23c0 lpo 2100 33ca

%ahme, intarpoktad from omwea h fiw 36.

?Fatigua etrength at 10.CXM.OOO moles for wnotched sueoimene teatad in a

Gti&ti@=+aG fatlw m-. -

fFat~ ~~ at 10,Wjw WcbE” Rotat~emtilaveMeem fatigue
machine.

@at* dxength at 10, OOO,CXMWclaa in tanna of ahaerjng atxees for un-
notchad .peo_.

.. . . —.
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Section A-A

(a) Tension specimen.

~--z+ ~/’+ ●

///mm

DO
(b)Lmgcompression (c) Short compression Cross section

specimen. specimen.

.

1A
SectionA-A

(d) Torsiun specimen.

(e) Creep specimen.

-04
//.

Ii:7”“
WQ

-t

Section A-A

Figure l.- Static and creep specimens. Cross-hatched lines
tions. Scales differ in parts of figure.plane of lamina

,

— ——.-— — —— .— ___ ..—.

indicate



NACA TN No. 1560
.

.J

f=%!+.
J# -.

(a) Unnotched rotating beam.

/7
45”

ITA

(b) Notched rotating beam.
,

I I

(c) Torsion.

A-A

Section A-A

.

Section A-A

2.- Fatigue specimens. Cross -hatched lines indicate
of laminations.

:1

. —– —— — .__ ._,_ —.. .
.,
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.

.

F@ure 3.- Apparatus used for static tension tests.

,-
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NACA TN No. 1560

.

.

,.

~gure 4.- Apparam wed for static compression tests.
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NACA TN No. 1560

.

.

I

I

Figure 5.- AppwaM used for static
.

torsion tesm.
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Figure 6.- Debmsion gage used for measti the angle of twist
h torsion.
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.

57

,,

.

.

“w

.=
-----

Figure 7.- Creep rack.
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IZlgure9.- Rotating-cantilever-beam fatiguetestingmachine,

.
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Figure lo.- Wtating-cantUever -beam fatigue

with a paratus for controlling temperature
tto 400 F.

testig ‘machine quipped
over a range from -75° F
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Figure 11. - Fatigue macline of constant amplitude of deflectionarranged
for t8st9 in torsion.
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I I I I
.002 .004 .006 .006 .010 ,Olz ,014 .016

Strain, in,per in,

Figure 12. - Static tension test of low-preeaue-molded umves kudnate, Elastic moduhM E, 820,003 pSi;

vield streti at 0.06 -wcent offset, S6@ PSI; yields- at 0.2-Pe~enL ofiet, 5~ PS~; =~ ~
kain, 0.0516 inch pe~ inch per mlnuta; specimen B-4.
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I

,.

gtreas-stlaln

,’

-. . . . . -..
0}

.Ooz .004 ,006 .008 .010 ,Olz .014 .0[6

Ska@ti@rin.

Figure 13.- Static tension tast of grade< cauvas laminate. Elastic modulus E, 1,150,CD30 psi; yield
strength at 0.05-percent offset, 5100 psi; yield strength at O. Z-percent offset, 7W0 psi; rate of sb@n,
0.C016 inch per M per tite; specimen B-13.
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14,000

lzJloo

0,000

~ooo

(@Oo

4,000

Zpoo

I I / A u J 1 ,

o
0 .Ooz .004 ,006 .008 ,Ofo ,012!

S&-a@ la. per in,

600

0

Figure 14.- Static tension teat of rayon ~te. Elastic nmiulus E, 1,780,MI0 psi; yield strength at
0.05 -prcent offset, 7M13 psi; yield strength at 0.2-pemxnt offset, 10,700 psi; rate of strain, 0.@316 inch

Per m per minute; specimen B-4.
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.

Z400C

Zo,oa

fzpo(

4po(

(

,.

p

I

.00+ .0(

/

4

8 .C .V

900

400

0

Strain, in. per in.

Figure 15. - Static tension test of paper laminate. El@ic modulus E,
2,340,000 psi; yield strength at 0.05-percent offset, 17,100 psi; yield
strength at 0.2-percent offset, 23,600 psi; rate of strain, 0.0017 inch
per irmh per minute; specimen B-6.
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3&ooo

3+00

25,!300

Iq)oo

10,000

qm

0

.’

I

I

I 1// +y /
I

I I
o .002 004 ,006 ,008 .0/0 .0/2 .014

Strain,in.perin.

F@wre 16.-Stat.ictensiontestofglass-fabriclaminate.ElasticmodulusE,
3,130,000psi;yieldstrengthat0.05-percentoffset,11,300psi;yieldstrength
at0.2-percentoffset,25,100psi;rateofstrain,0.0016inchperinchper
mhmte;specimenB-5.

750

500
c1
E.
f!
F

250

.0

. ..— —-— -——— —
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0 .002 ,004 ,006 ,008 ,010 ,012 .014 .016 ,018

I

10,000

r$ooo

@oo

4400

Zpoo

M* h pm h.

Figure 17. - Skdic compression tqst of low-preaeure-molded canvas laminate. Elasttc mcxiulus E,
9S0,000 psi; yield strength at 0.05 -pement offset, 32~ psi; yield strength at 0.2~ercent offset,
5100 psi; rate of strain, 0. CK116inch per inch per tiute; specimen A-5.

t .



.

)

[

I

/

I

I

Zpoo

0,000

!

I 4,(W

1

// / “

/

/

C/f

o
0 .002 .004 ,006 ,008 ,010 ,012 .o14- .016 .015

Sbiu, in. per h.

I
FiFUB 18. - Statlc compression test of grade-C canvas lamlnate, Elastic md.dus E, 1,160,CKXI psi;

yield shwr@h at O. ffi-percent offset, 57(KI psi; yield strength at 0.2-percent offset, 85@3 psi; rate of ,
strain, 0,0016 inch per inch per minute; specimen A-II.



14,00C

q)o(

10,00(

4,001

.

---
, .Ooz .004 ,006 .00$ .010 ,012 ,0[’7 ,016 ,018

Sba@ln. p3rh

Figure 19. - Static compression test of rayon ~te. Elastic modulus E, 1,680,000 m; yield sbength
at 0.(15 -pe~nt ofbe~ ?200 psi; yield sb?ength at 0.2 -perceni Weet, 9690 psi; rate of sbmln, 0.11316 M
per inch per minute; ~imen A-4.

.

6d0

0’

0 , . , r



NACA TN No. 1560 75

16,000

14,000

12,000

(0/)00

$000

<000

0

f { 8!
I/l

r ( I I I

-
.. A- -..u .Uuz .004 .006 .008 .010 .012

Strain,h. per in.

o

Figure20.- StaticcompressiontestofpaperEuninate.ElasticmodulusE,2,480,000psi;yield
strengthat0.05-percentoffset,8900psi;yieldstrengthat0.2-percentoffset,11,300psi;rateof
strain,0.0017inchperinchperminute;specimenA-7.

— . ——.— —.—- .—. . .. ———



76 NACA TN No. 1560
.

40,00(

35,00(

30,000

25,000

2opoo

15,000

10,000

qooo

o

)

o .002 .004 0006 .008 .010 ,012
Strain,inperin. .

“

.

.

750

o

Figure21.- Staticcompressiontestofglass-fabriclaminate.ElasticmodulusE, 3,,260,000p~;
rateofstrain,0.0016inchperinchperminute;specimenA-6.

.

.

—— ———.._. ___ —.



, .

I
I

5600

4goo
I

4000

1

3ZO0

1600

800

0 . AA. A.. --- -,- -. —.

(J .Uu’t .Uuu OIL ,(JI6 ,Ozo .0Z4 ,028
Strain, in, per in.

Figure 22. - Static torsion test of rayon ladnate. Elastic mcdub G, 210,000 psi; yield stiength
at O.ti-percent offset, 223CKIpsi; yield strength at 0.2-percMt OffSet, 3500 psi; rde of .!trdn,

0,015 inch per inch per minute; specimen T-2.

0



NACA TN No. 1560
.

6+0(

560(

480[

400C

3ZO0

2400

1600

800

00

A

7

.004 .008 .012 .016 .Ozo

.

Stiain,in.perin.

Figure23.- statictorsiontestofpaperlaminate.Elasticmodulus G, 3’713,000Psi;
yieldstrengthat0.05-percentoffset,4900psi;yieldstrengthat0.2-percent
offset,61CQpsi;rateofstrain,0.011inchperinchperminute;specimenT-9.



NACA TN No. 1560 79

b

.

8000

7000

6000

5000

“ri 4000
m“

z‘a

3000

2000

Jooo

o
c)

.

m4 .008 .0/2 .0/6 .020

160

0
w?

Strain,in.per in.

Figure24.- Statictorsiontestofglass-fabricladnate. Elasticmodulus G, 578,000psi;
yieldstrengthat0.05-percentoffset,3500psi;yieldstrengthat0.2-percentoffset,
5300psi;rateofstrain,0.0C8inchper inchper minute;specimenT+.

.—..—.— .—-.-— --— _.—— .- _.. ——— —-———.-— .



I

{

[5

12

M

1

6..

4. .

.2

0

-2

0
u c

o
0

0
0

000

0
0

0°

~ooo

0“ 0

3=
~oo(

~ooo
po o

no o 000

no o 0000

Tension strcwa
(psi)

4zC0
D 00 (> 000

1 0 00
2 0 Oc

36 00
n n 000 000n

00 Lt u

30 00 . n n c) 000
1 0 0 J “

2+00
00 cj~cloo 000 2 000

18ilo
10

;2]:00 c

000 000

I
00

~“”uu
“ o-o ~

6~0
00 () 000 c 000 000

0
3 c1 . 0 . v m ~

ve humidity, M percent ‘
Or 2.5 hcnqs

00 0 0 0
0000

>000 00 ‘J. ct o

0000 0 0 0
( 3 c

000 0 00 0 0 0

.

0000 00 0 () c

3 u u “ “ “ s < 8 c

0000 00 0 ( I c

)

100 zoo 300 400 500 600 700 mo qoo tooo

Time, kc

Figure 25.- Creep against the for tension creep tasts of low-presaur e.moldwl canvas kmloate
for 1~ hours at constant lead. Tempenahue, 77” F; rels.tlve humidity, 50 percenk First

testpofntfor amhepacfmeni nasaries ofcreep teebisidkated tgashortdesh he.

. ,



NACA TN No. 1560 81

10

# B,. ‘i?
v

.6

o

c
o

0

u

u c
o

0

000
d

Oo
Oo

~ooo

0000

000

3 u u u

o
0

0

Oc)o

go L1

000

2000

D u u o

Tension stress

— (P4
> 0 L-*

6650 00

00
0 0

00°0

●

57 00 0 00 c 000
c) 00 0

0 00
000

f 750
0 () o

Oo Oooc
00

00 0 00n

. .
38 00

no o 000 3 000 000

2ti50

+Q o 00 0 00 0 0 00 c 000

/9 00

0000 00 0 00 0 000 c 000

930
000 0 00 0 00 ( ) o 00 0000

0
u u u u Uu u u W <J u u u u u u o

I I
) 300 400 500 “ 600 7(

Time, hr

n
00 0 u “ o . n <

000 000 3 Ooc

0000 00 00 Ooc

0000 00 00 Ooc

0000 00 00 000

000 000 3 000

u u u vu u

D 00

Relative humidi~,44 percent
for 6 houm I

-.20 I
100 2( ) 80’0 900 1000

FIgare26.- Creep agdnst time for tension creep tests of made-C canvas Iambate for 10W he-
at conskmt lo~. ‘Temperahme, 7@ F; relati~ehum.fdi~, 50 percent. First test @nt for each
swimen in a series of creep teds is indicated by a short dash line.

.—. - —..—...—. — .—— ——————.—... —__ —. .—



82 NACA TN NO. 1560

im

26

24

22

2(

La

16

L2

LO

B

B

0

II
Fracblre‘J—

.

‘w&F-
/46c?LJ 3 0000 00

D 00 000
In 0 00

u
Oo 0 00

0
0

0
—. .

Ilpo u u “ . n >
0

000 ( I 00 a 000 00

00
Ooo 0

0

0

-u

)

~700 u >
c> 00 0 000 0 Ou u u

c1 000

00
0 000

0

0

0

~800
Q 0 c ;00 0000 00 0

3

0 Uu?

n t-l

0

000 00

0
0

~800 3
0 0 00 c 000 0000 00 0

000
Q 0 000

u 0
Oo

qwo

t’

u
000 I) 00 c 000 0000 0 0. 0

0
0000 000

,0

L900
0000 300 0 000 0 000 000 0000 00 0 c’

‘o o

0
“ “ G u louuo- w~ =.s “ ~ “ u u u

~ RelaU&e:mJ.aJ.Q, 74 percent

._

100 I.?oo SW 400 500 600 700 800 WO I
m, hr

.

,;

.

D

FIs’uI’.32~.- Cre5p @nst tfmefort.msfoncreeptestsofrayonlamide forIWO houm at
constantload. Temperabme, 7@ m relativehnmidi~,M pmt. Firsttestpofntfor
eachspwimen inaseriesofcreepLes@isfmflcatedtYaahd= Me.—. .—— — --



,

1

1

1.0

.8

6

4-

.

.2

0’

.2

Tension stress ‘
(psi)

/qLM

~oo 060 0 000 )
e Fracture

O. ~ 000 0

Do

/@O o
u u u u u u v u000 000 () Oooce 000 0 0 0 u o 0

00 0 0000
,0

Q(WO
000 000 3 0 Oo’c) o 00 0000 0’00 00 0

“o 0000

0000

J- “0

6,000
000000 > 000

0 0000

0 0 00 0000 000 000

~o 00

0000

@

n n n
>0

Ou u u u u u u
I

n -1 L-1 o 0 >
u u L u u u u u u u u u u u

2,00
)0 00 0 0000 000 000 0000

“

. ReMive humiditg, 74 percent

for 7 hours

. ___ -.. -.. ---
u I Uu KU(J 300 +00 500 600 700 800 ’300 1000

Time, hr

Figure 28. - Creep a@nst time for tanaion creep tests of paper laminate for 10UI hohs at
constant load, Temperature, 7P F; relative humidity, 50 percent. First test point for
each spscimen in a series of creep tests ls Mlcated by a short dssh Me.

1

1



,,

,
,,

I

z
i?al

i!

.

_ Tension stress ,

d 0000

.000 00°

~o o I 000 0000

0000

,- 0 c 000

moo o 000 0000

2QO(W
)0 o 000 3 00 c o 00 Ooc

/qooo
30 3 00 3 Ooc o 00 Ooc

/qooo
Do 0000 3 00 c 0 00 0 00

-rqooo
)0 3 000 ) 00 c O QO 000

4poo

?00 000 (Joo c 0000 0 c

c

a n I-T n n n -1 n n n n 0 no . n

tRelative kroic?lty, 66 percent
(

for 12 hours

T
00 00000

,

00 0 0000

oo@3 o 0000 000

100 am 300 400 Soo 600 700 fmo 900 1000 g

-i-

00 0’ 0000

000 0000

I

Time, hr
u
.

_ z9.- Creep =@nst time for k~ion creep testsof gbs-fabtic kmt.nate for l@XI hours

cl-l

E
at constant load. Temperature, 770 F; relative humidtty, 50 percent. First bst point for

each specimen in a series of creep tests is Mcated by a short da9h ltne.

n B c



--. — . ——
NACA TN No. 1560 85

.

1?4

1.2

Lo

B

.6

.4

.

.2

.
0

-.2

Tensionstress
(psi)

42’(90 J u n
00 3 00

(> 000 00 0

0. @@
Oc)o o

no
00

0
0

3600 0 0 0
? o 00

000
c o 00 ‘o

o 0 000000

~oo “m

o
3
) 3000 1> 00 > 00

00000 00
0

00 000 c1

Ooo @
o ~

00 2400
,0” 0000 000 3 00 0 00

~ 0000 (@ moo” 0

00

/800
c) 00 () 00 > 00

0000000 00(300 o

P
000 Om o ~

/200
n n n 0 l-l 00 0 0 0

$poo~ ~ ~
600

D 000000 030 c)o@30 0 c) 00000 000 0 00 3 00

0 ‘

T-- ~ ~“””
u CJ u 3 0 u 3 00

Relativehumidity,74percent
for2.5hours

4

1000 2000 3
Time,hr

Figure 30.- Creepapainsttimefortensioncreep testsof low-pressure-molded canvas laminate
for 3000 hours at constantload. Temperature, 770 F; relativehumidity,50 percent. First
testpetitfor each spqcimen in a series of creep testsisindicatedby a short dash line.

.— —— — ————



!

I
If

I
1,.9

I

P.dauvif

I
o

2!
g.

, ,. ,



NACA TN No. 1560

213

24

2.0

1.6

g
v
f-lal
C4
.

8’
al

G

1.2

.a

o

87

~eti~:;tiess00L_acbe

/Jao

00 co“ 0000
“00

?8

/~600
“000” 00” 0 00 3 00

000 ~Ooooo””c )

,CP”w
,

$700
cI 00000 000 3 00 3 00

Om o
00 @ 0000 0

+P

<BOG
8

() 00000 000 2 00 D 00
0 00000 0

~dooo””o 0

J800
c) 00000 000 3 00

~oooo 0.00 30000000
3 00

4900 -
)0 nn n n o 3 0 0 3 0 0

~ oooo~oo ~
4900

-JOoo moo O“”m”o c) 000 00 000 t 00 3 00

0

T-- ~ “
u u u u u 2 u u

Relativehumidity,74percent
for2.5hours

T

---- ---- a-.
1000

Time, hr
Zoucl 5000

Figure 32.- Creepagainsttie fortensioncreeptestsofrayonlsminatefor
3000hoursat”constantload.Temperature,7@ F;relativehumidity,50percent.
Firsttestpointforeachspecimenina seriesofcreeptestsisMicated by a
shortdashline.

.

-—-------- — —. _ _—_____ . —.— ———



88 NACA TN No. 1560 ,.

.4

1

.7

.6

.

.5

4,.

.3

,2

.1

Relative
fol
o

- J

I
.

rension stress

(psi)

)~oooI
O%?l.sck

o

)

Iqooo
Oooooc 00000( ) 00000( ) 00000( ) 000 00 300000

no Qooc
Oooooc Oooooc ‘

u

o
oo~

)

8, 000
Oooooc00oooc )ooooo~ J- 000000 00000( ~ ~ ~

00
Oo 0 00 c’

00

0

Cjq70
Oooooc oc)oooc~ 000000 ooooo~ 0000O(J ooooo~ )000 00 >000(30

Ooooo 000 ooc’

000 ~u~ O~uOulJ ~ ~ ~

0000 oc~ 00000,) 000000 000 00> 00000

vehumidity, 56percent
for 10 hours

+ ~_ ~

Relative humidtty, 46 percent
for 10 hours

nidity, 56 &i-cent lWatlve humidfb/, 42 percent Relative humidity, 74 psrcent
: hours o or 10 ~oura

[
for 2.5 hours

f
tRelatiue humidity, 74 per wtive humldlty, 55 percent ~ Relative humidltg, 70 percent

cent for 7 hours for 12 hours for 2 hours

I

Figure 33.- Creep agahmt ttme for tension creep tests of paper lammate for 10,000 hours at
constant load. Temperature, 7’@ F; AatiOe humidity, @ percent. FlrStWtest @t for
each specimen in a series of creep teats is indicated by a short dashMe.

.

.

J

.0.

.—— - ~ ..— — ——- .— —



,
,

~ 8-
m)

2@oo

-( ~ ~

Zq 000

~oom (Iooomo* J mo 000 m 000 0( m OOoooc 00 00 00 0 c 00 00 0 00 0 0. 0 0 000

/qo 00

oo~m , WO !JU)oo 3am OOo 003 OOoc mwoooc m 00 00 0 c 0 0 00 0 00 00 0 0 000

/2, 000

m OCOCO 2

1

C’Oooo @w 000 30 WOOOC 00 00 00 0 c 00 00 0 00 00 0

@-

0 000

&ooo

Qo Olxl lm

r

o Oomo ~meoo -0 ~-~c w 00 00 0 c 00 00 D 00 00 0 0 000

$020

,OCOan @x=m 00 YJ Oomo c ,000000 m 000 cm 30000 00 0 > 00 00 00 c 00 0 0 000

0
Ra18ttve hnmldfo, ‘M p3i-c9nt

for 2.5 ham

~ 20&=c ~ z no nn . . II n n n n c n n ,-) o 0 0 n

RdaU mfoWt&56 P9r=d hum hnmldltg, p- 1, ‘
fclrlohcm-s 7

Wm hnudditi, 70p red

foi-zimlu-s

400 800 1200 1600 2000 2400 2800 3200 3600 4000 4400 4800 52

00 000

00 000

00 000

00 000

00 o~o

n o n 0 Q

o 5600 6W0

a)

CD



&c

Lo

,,

(

!r&lstmlna.t

— - So-e-ecomiehmuc

8W

mmaalfmlrde

Carectd for drlnbge

flpoo 13pOo Iquuu Jquuu .cquuu c%

Shw=, Imi

H
z

z
p

-95-- Eff~of~m m-wcoml d9sMc.5@Jl u10nt0talcrwpat
Imh0ur8f0r aunvelminak3.

, . , ‘



NACA TN No. 1560
,.

.

,.

..# .,.

-8

80

60

50

40

30

20

,10

8

6

5

4

3

2

I

10
1 I ●1 I

Low-pressure-molded /1
Cauvsslamlnste 4

~

Grsde-C cauvss D ,

lsdnate
E I b 1. T

n

d

( )

(

2/)00 -glOo fqooo qooo 1(2000 Izpoo 1$)00 ‘ 15000 Iqooo 2(

stress, psi

I?lgure 96.- REte of creep st IWO hours sgsinst stress for sll llw Ismlnstes.
●

.

m

. .

.—. - .- .—— ——— .-



2,000

0,000

8/300

6~00

4,000

Zpoo

o
103 I04

7000

600 )0

105 106

Cyclee to kd.hire

I 07

Figure 97.- S-N dagrams for tests of lovqmessure-molded canves laminate obtaind from

rom+~fl~-~~ fatlgne tesw of retched exd unnotclmi epsclmens @ from
torsion faUgue teeb of urmotclpi epecimens.

5000

4000

3000

2000

n

/08 v

,



, r

J4,000

I /<000
I

I

0

, 1 1 1 1 1 1 Ill I I I I I I Ill I I I I I II .

, , , , I 1 1 I 1 1 1 1! 1 1 1 I I 1 1 Ill

w
103 104 105 106 10’ 108

I
Cycles tn ~

m =.-S-N dlagrame for teste of grede-C ~ lantoab obtained from mtating-
wntiever-kam fatigue tsste of notched and unotched s~ and from torsion
fatigue te&m of ummtched spechnene.

7000

6000

5000 ~
.

t-

3000 g

.2000 -!
$

1000

0

i



14,000

12,000

(0,000

8,000

6,000

4,000

LQoo

o

I , I , I , I , , , , , , ! ! , I !

II
I I I I 11111 I I I I I 1111 I I

(03 104 I 05 106 107

Cycles to failure .

Figure 99.- S-N @anM for tests of rayon lam!nats obtslJ@ frqm rotsting~r-
~ fstlgue tests of notched ad ummtied specimens @ frum torsion fs.ilgae te=sb

of Umotched ~.

7000

6000

5000

4000

3000

2000

\

1000

.0
108

, m



I’fo 00

12,000

10,000

(9pOo

6900

+,000

<000

0

I04 I 0s 106 , 10’

7000

6000

5-000

4000

3000

-Zooo

1000

0
108

Cgclee to fdlure

Figure 40. - 9-N diagrams for tests of paper laminate obt.afned from rotating -cantUever -
kam fatigue tests of notied .md ummtched specimens W from torsion fatigue teste
of Unnotck? !speCimem.



28,000

24000

2 qooo

lqooo

‘ g 12,000

I
(04 106 106 Io’

Cycles to fsilure

Figure 41. - S-N dkgrams for tests of gls.ss+sbric laminate obWed from rotstlng-
wdlever-bes.m fatigue test.5 of notched snd unnotc.lmi sp3@Mns end from torsion

fRtlgue tests of Unnotchsd Specimens.

{,000

o

I

CD
a

,



.

I

1+,000

/0,000

I

I

Zpoo

o

I 03 104 /Os 106 (07 108

Qch tCI failure

Figure 42. - S-N diagrsms for roMing+antLlever-km fstigue tesk of
low-pressure -molded canvw lamhate at three different temperatures.

.



I

1$000

1<000

10,000

qooo

6,000

&loO

zpoo

o
103

<

04 [05 106 107

Cgck to fe.llure

F&ure 43.- 9-N dkgrams for rou-canfflever-beam fatigue tests of @e+ catwae
-Iamim& at three different tenmeratures. *cimens for curve S were macbiwd ti

tested epproximab ly 1 year I&lier k .s&mens for curves 1,2, W 4.

, ,

I

1%

)

108



I

I
I

j

I

I

i

/
,
I

I

16@oo

[2.$)00

10,000

t)pca

4,000

i?,ooo

o
I

1 1 1 ml 1 Ill I Iw 1 I I Ill I I I I II Ill I ! I I I 1111 I I I I 11111

I I , I ! 1 I Ill 1 I I I [ 1 Ill t I I I IH II I [ I I I 1111 I
---

1 1 1 IIJ

103 10+ 105 106 107 “ 108
Q* to milure

F3gure 44.- S-N d@?ams for roW.ng-canUleper-- fatigue W& cd myon laminate

at three diHerent tmnperatums.

.



[6,000

14,000

12,000

g 10,000
m-

!

m 8,000

6,000

4,000

Z,ooo

o

, NACA TN No. 1560
‘.

100

15,000

I 1I I 1 II {

.

u

.

.

A

104 105 106 (07 10”
.

Cyclestofailure

Figure45.- S-N diagramsforrotating-cantilever-hemfatiguetestsofpaperlaminate
atthreedifEerenttemperatures.

-—. — —-.—- - — —.———



<

32,000

I
28,000

24,000

I

I

i

z 0,000

Igooo

10$ 104 /or 106 10’ of

Q

Cyclm to Mn.re

- 4@J.- S-N d.lagrame for rota~afflever-bemtati~ teeb of glaes-wc

Iadnate at bee different terqeratures.



102 NACA TN No. 1560

.

.

qocm

16,000

b$ooo

lZpo

Kp90

qooo

@x

@

qno

0

\

\

-1oo

G@s -fabricla&nate

I I— Paper laminate !

Rayon Ian@ate

Grade-C canVaS
laminate

\

%

– Mw-pressure -molded w

canvas laminate I

I

I
-\iicA‘/

-50 0 50 100 I50
Test-chamber temperature, ‘F

l?igue 47.- Effectoftemperatureon fatiguestrengthat10,000,000cycles
fordl fivelaminates.

200

.

.

.——. —



NACA TN No. 1560 103

,

3QOO0

20000

6,000

2/ooc

&

R
I

JO(3C
350

~aper laminate I
1 I
1

L
1

*.

+“5Grade-C canvas laminate

—Mw-pressme-molded –
canvas laminate

I

600 700500400

Test-chamber temperature, oRankine
v

F@re 48. - Effect of temperature on fatigue strength at 10,000,000 cycles for
all five laminates.

. ..-... -.--—.———.-—-. — — ——- —- —-— ———



.

,

.

/

.

.

. .— —



NACA TN No. 1560

,.

_——...

!
t

I
i

II,.

Figure 49. -

Q

..— —

[t

‘j

!,

.

)’

I

.!

!“

105

--

Fractured tension specimens. a, low-pressure-molded canvas
laminate; b, grade-C canvas laminate; c, rayon laminate; d, paper
laminate; e, glass-fabric, laminate.

~

—.— ——. . -._—. —.—. —— —.— ——— —-—-—- -—



.

.

“

.

I

—-- .



I

I

I

I

I,

ml!

Figure 50.- Fractured compression and torsidn s~ecimens. a. low-Dressure-
molded canvas laminate;-b,grade-C canvas la&nhte; c, raybn W&ate;
d, paper laminate; e, glass-fabric laminate.



m

.

.

.



NACA TN No. 1560

t —...——..——— -

I

t
!“

~[
,1 ,

I

ti

i:
I

●

,1,:

,+

}

i ,

,1
j
1

)’ ‘

‘1!
.!
fI

i ,1

I .,.
‘1

;i \
1,

1. ,

1:
(,,

J.. !
.4

Ill
,1

,!

i

e
.—

c C# ,
.—— —— J.— ——

Figure 51.- Fractured creep specimens. a, low-pressure-molded
canvas 1amide; b, grade-C canvas laminate; c, rayon laminate;
d, paper laminate; e, glass-fabric laminate.
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Figure 52.- Fractured and failed fatigue specimens. a, low-
pressure -molded canvas 1aminate; b, grade-C canvas laminate;
c, rayon laminate; d, paper laminate; e, glass-fabric laminate.
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